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Abstract—Most of the licensed and license-exempt bands are
underused while usage in some unlicensed bands is increasing.
This trend has driven unlicensed users, equipped with cognitive
radios, to opportunistically and dynamically access the spectrum
not used by licensed users. Relaying techniques are an important
issue for coverage and capacity extension. In this paper, we
describe a relay-assisted protocol for spectrum mobility and
handover with minimum expected transmission times in cognitive
long-term evolution networks, which allows unlicensed users
access to not only the previous base stations but also the next base
station, with the assistance of relay nodes. Performance analysis
of the proposed handover protocol is investigated, and simulation
results of the proposed handover protocol are presented, which
illustrate a significant reduction in total transmission time and
spectrum mobility ratio, and increases in throughput.

Index Terms—Cognitive radio, cross-layer, green communi-
cation, handover, long-term evolution (LTE), relay, spectrum
mobility.

I. INTRODUCTION

HE USE of emergency cognitive radio (CR) technology

[1] in licensed, license-exempt, or light licensing bands
was recently considered as a way to increase total spectrum
efficiency. A Federal Communications Commission report
[1] included a detailed discussion about whether cognitive
access should be licensed, license-exempt, or subject to light
licensing. IEEE 802.22 [2] standards were developed for wire-
less regional area networks for license-exempt band wireless
access to TV white spaces (TVWS) in rural areas. CR access
techniques allow unlicensed users to access the spectrum hole
not used by licensed or license-exempt users to significantly
improve spectrum utilization. In addition, the Cognitive Net-
working Alliance (CogNea) [3] is an open-industry association
that promotes TVWS spectrum regulations worldwide and
aims to establish a recognizable brand that indicates a device is
CogNeA compliant and can interoperate with other CogNeA-
certified devices from different manufacturers. Software de-
fined radio (SDR) technology [4] was developed to implement
the CR networks.

Manuscript received July 1, 2011; revised October 30, 2011; accepted
May 20, 2012. Date of publication October 2, 2012; date of current version
February 20, 2013. This work was supported in part by the National Science
Council, under Grants NSC-99-2219-E-305-001, NSC-100-2219-E-305-001,
and NSC-101-2219-E-305-001.

The authors are with the Department of Computer Science and Informa-
tion Engineering, National Taipei University, Taipei 23741, Taiwan (e-mail:
yschen @mail.ntpu.edu.tw; hgch01171208 @gmail.com).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JSYST.2012.2205089

This relaying technique is useful for increasing the robust-
ness, capacity, and coverage of wireless systems without hav-
ing to consume extra bandwidth, especially when supporting
IP-based multimedia traffic for the Internet of things [5]-
[7]. Dynamic relay station (RS) deployment is an efficient
mechanism because there is no extra infrastructural cost, i.e.,
capital expenditures (CAPEX), needed and it provides a high
degree of freedom. Extra operational expenditures (OPEX)
are required due to the increased complexity of the proposed
protocol. In this paper, we attempt to adopt a dynamic RS
strategy with acceptable extra OPEX such that some secondary
users (SUs) act as RSs.

The Third-Generation Partnership Project (3GPP) integrates
second-generation (2G) and third-generation (3G) cellular sys-
tems to transition 3G long-term evolution (LTE) [8] toward 4G
cellular systems. Logistically, orthogonal frequency division
multiplexing (OFDM) transmission should be considered first
with regard to the aforementioned requirements. LTE uses
OFDM techniques for downlink (from the base station to ter-
minal) and a precoded version of OFDM, called single-carrier
frequency division multiple access, for uplink (from the termi-
nal to base station). In this paper, an LTE network is called a
cognitive LTE network if it adopts CR and OFDM techniques.

The main contribution of this paper is to further investigate
the handover problem in CR networks. Here, we describe
a relay-assisted protocol of spectrum mobility and handover
in cognitive LTE networks. This paper aims to propose a
relay-assisted handoff protocol with the minimum expected
transmission time with the assistance of relay stations in
cognitive LTE networks. Our simulation results demonstrate
that the proposed scheme reduces the total transmission time
(TTT) and end-to-end delay (EED) and improves overall
throughput (TP).

The remainder of this paper is organized as follows.
Section II discusses related studies. Section III overviews the
system architecture and basic ideas of the proposed scheme.
Section IV describes the relay-assisted protocol of spectrum
mobility and handover in cognitive LTE networks. Perfor-
mance analysis and simulation evaluations are presented in
Sections V and VI, respectively. Finally, our conclusions are
presented in Section VIL

II. RELATED WORKS

Haddad et al. [9] have recently demonstrated a hybrid
approach for radio resource management in heterogeneous
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cognitive networks. To overcome the interference problem,
Attar et al. [10] discussed an interference management
technique using cognitive base-stations for universal mobile
telecommunications system LTE. In addition, Lai et al. [11]
reported an interesting application of cognitive techniques.
They developed a detection scheme for cognitive injured
body regions with multiple triaxial accelerometers for elderly
falling. These aforementioned studies focus on important and
interesting problems but are not applicable in mobility man-
agement.

Research demonstrating relay-assisted results are described
in the following [12]-[16]. To avoid misuse of the spectrum
holes of primary users (PUs), a physical layer is used to
accurately sense PU spectrum holes. To this end, Jia ef al.
[12] developed a cooperative relay for CR networks. The
main contribution of this paper was the development of a new
relay-assisted MAC protocol for data transmission to improve
system TP by exploiting the benefits of cooperative relay. Mao
et al. [13] proposed relaying strategies, based on the cognitive
relay channels, to select relays with high channel capacities
to achieve high transmission rates. This paper attempted to
exploit and identify dynamic relay nodes in cellular networks
under the presentence of intercell interference. A reasonable
criterion for choosing relay node candidates was also provided.
Lee et al. [14] investigated the outage performance of cog-
nitive relay networks where source nodes communicate with
their destinations via multiple hops. In addition, Luo et al.
[15] proposed optimal power allocation for cognitive relay
networks. The power allocation of a cognitive relay network
was modeled to minimize the system outage probability,
which is subject to total and individual power constraints for
cognitive relays and interference constraints for PU nodes.

Chen et al. [17] proposed a cross-layer protocol of spectrum
mobility and handover in cognitive LTE networks. However,
this paper did not utilize the assistance of dynamic relay nodes.
In this paper, we further develop a relay-assisted protocol of
spectrum mobility and handover in cognitive LTE networks.
With the assistance of dynamic relay nodes, the proposed
protocol can significantly reduce the TTT and EED and
improve system TP, compared to existing protocols.

III. PRELIMINARIES AND BASIC IDEAS
A. System Architecture and Model

Fig. 1 illustrates the system architecture and model of
the proposed protocol. The primary network uses a LTE
system [8], [9] and the secondary network uses the CR-LTE
system. CR-LTE is a LTE system that exploits CR and OFDM
techniques. PUs in the primary network (LTE network) access
LTE-based spectrum holes through the primary coordinator
(eNB). The spectrum holes not used by PUs can be leased by
SUs. SUs in the secondary network (CR-LTE network) access
the leased spectrum holes through the secondary coordinator.

A system model of primary and secondary networks is
shown in Fig. 2. The system model contains the LTE core
systems, licensed users (also called PUs), unlicensed users
(also called SUs), and some unlicensed users, which may all
play the role of RNs. For a CR network (secondary network),
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Fig. 1. Primary network (LTE network) and secondary network (CR-LTE
network).

SUs and RNs are equipped with CRs to opportunistically
access spectra not used by PUs. In this paper, a single-channel
full duplex wireless communication system was modified to
enable SUs to scan for PUs that are using a spectrum.

Fig. 2 illustrates a relay-assisted scenario in a CR-LTE
network. A SU is moving from one cell into another along a
straight path. Initially, the SU is far away from the overlapped
area. If a PU appears in the primary network and attempts
to access the spectrum occupied by the SU, the SU performs
a spectrum mobility operation and jumps to a new spectrum
hole. To continue moving, the SU moves to the overlapped area
while the PU occupies the primary network. The SU continues
to move in the overlapped area, between the serving eNB and
new eNB, until another PU appears in the primary network
and reclaims the spectrum hole used by the SU. To implement
the aforementioned scheme, SUs and RNs are equipped with
SDR devices that allow dynamic detection and allocation of
spectrum holes.

B. Basic Idea and Challenges

Chen et al. [17] proposed a cross-layer protocol for spec-
trum mobility and handover in cognitive LTE networks. The
idea is to periodically observe the ratio of the spectrum that
is occupied to predict the probability of a PU reclaiming
resources. With the spectrum occupied ratio, SUs can estimate
the transmission time of any remaining SU data. Let T denote
the expected transmission time, which is defined in [17].
Chen et al. [17] selects the spectrum hole with the minimum
expected transmission time, Tg, as the next spectrum hole for
a spectrum mobility operation.

The basic idea of this paper is to develop a new relay-
assisted protocol for spectrum mobility and handover in cog-
nitive LTE networks. With RNs, each SU has one or more
connection paths to the eNB through dynamic RNs. The path
with the minimum expected transmission time is selected from
multiple paths through a RN if that RN has rich spectrum
holes. It is possible that a spectrum hole may be occupied
by many other SUs. Thus, there are fewer resources that
allow the current SU to access the eNB. Under this condition,
there are less resource blocks (RBs) and a higher spectrum
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Fig. 2. System model of primary and secondary networks.

occupied rate. Some SUs can play the dynamic RNs if the SUs
have the rich spectrum holes. Then, SI can perform the data
transmission with the less-expected transmission time through
the dynamic RNs. To reduce the transmission time of SUs, it
is reasonable to perform data transmission with the assistance
of dynamic RNs. Ad hoc communication between SUs and
RN can be established using IEEE 802.11n technology [18].

IV. RELAY-ASSISTED PROTOCOL OF SPECTRUM
MOBILITY AND HANDOVER

In the following section, two scenarios are considered:
1) scenario one (spectrum mobility): a SU is not located
at the overlapped area; and 2) scenario two (handover): a
SU approaches the overlapped border area or enters into
the overlapped area. Four phases of the two scenarios are
described in the following.

A. Relay Discovery Phase

The candidate dynamic RN is identified in this phase. Let
SU; denote the xth SU and RN, denote the yth relay node.
All RNs considered in this paper are assumed to be dynamic
RNs, including static and unstable RNs. A dynamic RN is
considered a static RN if it has low mobility. A dynamic RN
is said to be an unstable RN if it has high mobility. The relay
discovery procedure is given as follows.

1) Each SU, senses all dynamic RNs in the sensing range.
To maintain stable communication between SU, and
RNs, SU, only keeps static RNs and removes unstable
RNs.

2) Each SU, removes RNs with long separations between
the eNB and SU,. All of the remaining RNs are inserted
into the set of candidate RNs. The distance between the
eNB and SU, is estimated by the signal-to-noise ratio
(SNR) between the eNB and SU,, which is obtained by

Secondary >
Network

periodically sensing spectrum information with a SDR
device.

Fig. 3 shows an example of scenario one, SU; senses four
dynamic RNs, and all RNs are static (low mobility). The set
of candidate RNs = {RN;, RN} because the distance between
the eNB and SU, of RN3 and RNy is too long. Fig. 4 gives
an example of scenario two, and the set of candidate RNs =
{RN2, RN3}.

B. Environment Observation Phase

Let RN, denote the zth dynamic RN that can access the
current serving eNB and RN’ denote the wth dynamic RN that
can access the next eNB. SU, collects spectrum information
with an SDR device. The spectrum information includes
SNR value from the current or next eNB, usage status of
RBs, and spectrum holes used by SU, and the neighbors of
SU,. The SNR and number of RBs are used to determine
the transmission rate. Figs. 3 and 4 give examples of the
spectrum bands of all possible RBs periodically sensed by
SUy, including the spectrum status of dynamic RN/, when
determining the occupied frequency information of RBs in
scenarios one and two. Let spectrum hole SH; contain m; RBs
and Ay be the accumulated number of the m;th RB that is
occupied within a period of time.

The large value of A,,, implies that the m;th RB is occupied
by PUs more frequently. It also indicates that SU, has a low
opportunity to utilize the m;th RB. The small value of A,;
indicates that SU, has a high opportunity to utilize the m;th
RB with a low probability of interruption by PUs. The SNR
allows SU, to define the relative location information and
transmission quality. The environmental observation procedure
is given as follows.

1) Each SU, periodically senses all spectrum bands, RB,,

in the transmission coverage of the current serving
eNB, where RB,, 1 < y <

N max imum_number_of_RB.
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Fig. 3.

The information of the occupied frequency, A, is also
observed and recorded for all RB, within a period of
time, where 1 =< y =< Nmax imum_number_of _RB- Based on
OFDMA technology, an adjacent, continuous, and idle
RB, can form a spectrum hole SH;, where 1 < j < n,
and a sequence of spectrum holes (SH;, SH;, ..., SH,)
can be obtained.

If SU, detects a spectrum hole, SH;, being reclaimed
by a PU, then SU, broadcasts a request message to its
neighbors from the set of candidate RNs and waits for a
reply message to acquire spectrum hole information and
received SNR from that neighbor. Otherwise, go to step
1.

SU, performs the computation and analysis phase to
perform a spectrum mobility operation or handover,
either with or without the assistance of RNs depending
on the value of Tx(SH;), where Tr(SH;) is calculated by
the remaining service data size, d;.

2)

3)

Fig. 3 shows scenario one, in which SU; determines the
received SNR from the old eNB to be 10dB. Then, SU;
broadcasts a message to candidate relay nodes RN; and RNj,
and receives the SNR and spectrum information from those
nodes. Fig. 3 also shows that SH;, SH,, and SH; of SH; are
2RB, 3RB, and 4RB, respectively. Fig. 4 shows scenario two,
in which PU; moves into range of the old eNB and reclaims
the spectrum hole used by SU,. SU; enters the overlapping
area of the old eNB and new eNB, and the SNR from the old

Relay discovery and environment observation phase for scenario one (spectrum mobility).

eNB and new eNB are 10dB and 15 dB, respectively. Then,
SU, broadcasts a message to candidate relay nodes RN, and
RNj; to acquire the SNR and spectrum information from these
nodes. Fig. 4 also illustrates that SH; and SH3 of SU; to the
old eNB are 2RB and 4RB, respectively. SH|, SHj, and RN,
of SU; to the new eNB are 3RB, 4RB, and 5RB, respectively.
SU; has two RBs, which occupy frequencies A; = 30/1000
and A, = 33/1000. Note that SH, and SH are used by RN,
and RN3, respectively. This information is used to calculate
the expected execution time, Tg(SH;).

C. Computation and Analysis Phase

The phase is used to compute the expected execution time,
Te(SH;), as follows.

1) To evaluate the expected transmission time, Tg(SH;),
for the remaining SU, service data, the scenario one,
SNR from the serving eNB is first calculated with the

In scenario two, the SNR from the ng:xt eNB is calcu-

lated with the expressions SNR’ = % and SNRY; =

noise
0

expressions SNR = % and SNRyg = 10log,,

signal

10logo | 5=

2) In scenario one, the SU, estimates the maximum trans-
mission rate for all spectrum holes, SH;, based on
SNRgg to calculate the required transmission time, freq,

for the remaining service data size, d;. Let R; denote
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Fig. 4. Relay discovery and environment observation phase for scenario two (handover).

3)

the transmission rate of SH;. If SH; contains m; RBs,
R; can be calculated with the Shannon theorem as
m; x RB x log,(1 + SNRgg) [19]. The required trans-
mission time is calculated with the expression fq =
miXC;I{Bx Ireq = mixRBxlo§;(1+SNRdB)’ where d; represents
the remaining service data size. In scenario two, SU,
determines the maximum transmission rate based on
SNRgg and SNR);, where SNRgg and SNR, are the
SNR from the current and new eNBs. The required
transmission time is calculated with the expression t.q =
m;xRBxlog;(l sk, (through the current eNB) and 7,
(through the next eNB) for the remaining service data
size, d;. Let R, denote the transmission rate for SH;.
If SH; contains m; RBs, then the required transmission
time, f;,, is expressed as m;xRBX]OZ‘Z(HSNR;B).

To predict the availability of spectrum holes, SH;,
the uninterrupted probability of SH; is calculated. Let
P,(SH;, teq) denote the probability that spectrum hole,
SH;, is unoccupied by PUs within the time period feq
or f,,. A Poisson distribution [20] is used to predict
the idle SH; within a service required time, feq Or t;eq,
which can be represented as P(k, T) = (’\k—T,)ke’(*T). Here,
k is the number of events, T is the peridd time, and A
is the average expected occurrence. P(k, T') represents
the probability of k events occurring within the time
period T. In general, when a PU is going to access

a channel, the communication of a second user in the

channel is interrupted by the PU. Based on the work by
Akbar et al. [21], the probability of a channel being
accessed by a PU can be predicted with the Poisson
distribution. Here, the memoryless property can be de-
scribed by P.(k > t + sk > t) = P.(k > 5), where
P,(k) is the probability of a PU accessing a channel, k
and ¢ are periods of time, and s is the initial time. To
analyze the probability that SH; will not be used within
the service required time, f¢q or t;eq, k is set to zero and
T is set to teq. Consequently, if SH; contains m; RBs,
the probability of spectrum hole SH; being uninterrupted
by PUs within a time period fq can be expressed as
Py(m;, teq) = H:Sf P, (0, freq) = € — ZZL:] Antreg- In ad-
dition, when SU; is in the overlapping area and evaluates
P, (SH;, 1) for all dynamic RN,,, if SH; contains m;
RBs, the probability of spectrum hole SH being uninter-
rupted by PUs within time period f,,, can be expressed

n; =S e
as Pu(SH, 11e) = 10y Pa(0, 1) = ™ 2unty™ton,

Fig. 5 provides an example of the computation and anal-
ysis phases of scenario one, where the SNRgg of SU;
is 10dB. In addition, Fig. 5 shows that the transmis-
sion rates of SH;, SH,, and SH; are 2 x 180 (kHz) x
log,(1 + 3.01) = 720kb/s,3 x 180(kHz) x log,(1 +
3.01) = 1080kb/s, and 4 x 180 (kHz) x log,(1 + 4.78) =
1440kb/s, respectively. The service required transmission
time of SH;, SH;, and SH; are 10(Mb) 720 (kb/s) =
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Fig. 5. Computation and analysis phase and evaluation and transmission phase in scenario one.

14.2s, 10(Mb) + 1080 (kb/s) = 9.48s, and SH3 10(Mb) +
1440 (kb/s) = 7.11s. The umntermpted probabilities are
P, (SHl’treq) = ¢ —( o5 % 14.2) X e(mooxm'z) = o 08%6 x~

535 7948)

0.408, P,(SH,, treq) =e ~( 005 %9-48) X e ~( 305 X9 48)X67(mm
0.717, and P,(SH3, treq) = e (iooox7111) 5 o= x7111) 5
e (1000X7 1) 5 o=(a x7111) = 0,045, Fig. 6 gives an example
of the computation and analysis phases of scenario two, where
the SNRgg and SNR); are 10dB and 15dB, respectively.
Fig. 6 shows that the transmission rates of SH; and SH are
2 x 180 (kHz) x log,(1+43.01) = 720kb/s and 3 x 180 (kHz) x
log,(1 +4.78) = 1188 kb/s, respectively. The service required
transmission time of SH; of the old eNB and SH) of the new
eNB are 10(Mb) + 720 (kb/s) = 14.2s and SH| 10(Mb) +
1188 (kb/s) = 8.61 s, respectlvely The unlnterrupted probabil-
ities are P, (SHy, teq) = € ~(75 ¥14:2) 5 o= (i ¥ 14:2) = 08946 =
0.408, and P,(SH), 1) = e ~(wx861) 5 o= (55m%861)

e~ (7% ¥8:61) = 0.917.

D. Evaluation and Transmission Phase

This phase calculates the expected execution time, T¢(SH;),
to determine whether to perform a spectrum mobility operation
to the old eNB or handover to the new eNB. The transition is
assisted by dynamic RNs if there is a poor network connection
between SU, and the old or new eNBs.

1) Two possible cases of SU, are considered. First, SU,
performs a spectrum mobility operation to a new spec-
tral band without the assistance of RN if no RNs
are founded. Second, a spectrum mobility operation
is performed with the assistance of relay node RN,.
The Tg(SH;) is the expected transmission time of the
SH; through the old eNB. If SU, is not located at the
overlapped area, T(SH;) is calculated as

Tg(SH)) = fry. + m (D
+(1 — P,(mj, treq)) X Trom

where RN, = R\;ILIAN is the transmission time from SU,
to RN,. This expression assumes that SU, is assisted by
RN,, where RN, currently occupies the spectrum hole,
SH;. In the first case, frn, = 4 -, Ti oy is the layer-

Rw
2 switch time, and (1—

P,(m;, treqbi) is the probability that

SH; (not by RN,) or SH, (by RN,) is occupied during
the time period treq- If no PU appears, the transmission
time is & - However, transmission can be interrupted by
the appearance of other PUs. In this case, the expected
transmission time should increase by P,(m;, treq) X R;.
The usage of SH; by SU, may be interrupted again by
the appearance of other PUs, in which case SU, will
have to perform another spectrum mobility operation.
This condition is represented as (1 — P, (m;, treq)) X Tion.
2) If SU, is in the overlapped area between the old eNB and
the new eNB, the Tg(SH/j) of SU, can be recalculated
by considering the handover to the new eNB with the
assistance of RNs using the following expression:

Tp(SH) = fony + mrarioer 2)
+H(1 + Py(mi, 7)) x Tiom + Tisn

where tRN w = Rd’ > denotes the transmission time
from SU, through RN , and T 34 is the layer-3 handover
delay time [17], which includes the duplicate address de-
tection and location update times. The SU, may perform
a layer-3 handover and use the occupied spectrum hole,
SH/,, of the selected RN, if there is a small number
of free spectrum holes in the next eNB, i.e., in a poor
network connection environment. However, if there is
enough free spectrum holes, it may directly use spectrum
hole SH’, in the next eNB without the assistance of RN,
In this case, R“ilL’AN = 0. Equation (2) can be used to
calculate the expected execution of a SU,, including
layer-3 handover latency, with the assistance of dynamic
relay nodes, which is especially useful for poor network
environments.

3) SU, performs a spectrum mobility operation if (frn, +
Foiew (U= Pulmiste) x Tiom) — (fy +
IR T A (1 = Py(mj, tie)) X Tion + Tian) < Tizm.
Otherwise, SU, performs a handover procedure.

Fig. 5 shows an example of the evaluation and transmission
phase of scenario one, the expected transmission time of SH;
is Te(SH)) = 0+ 5o +(1—0.408) x 0.05 (s) = 34.82(s), and
the expected transmission time of spectrum hole SH; is calcu-

lated as Tx(SHa) = 53505+ gty werogs +(1—0.717)x0.05 (5) =
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Fig. 6. Computation and analysis phase and evaluation and transmission phase in scenario two.

12.911. The expected transmission time of SHj3 is given in
Fig. 5. SH, exhibits the minimum expected transmission time
and is used by RN;. Therefore, SU; performs a spectrum
mobility operation through RN;. When RN, receives data
from the SU|, and the data are relayed to the old eNB. Fig. 6
provides an example of the evaluation and transmission phases
of scenario two, the expected transmission time of SH; in the
old eNB is Tp(SH;) = 0+ a2 + (1 — 0.408) x 0.05(s) =
34.82(s) and the expected transmission time of spectrum

hole SH, in the new eNB are calculated as Tp(SH)) =
10 (Mb) 10 (Mb)
SI0Mb/S) T 0216158 +(1—0.216) x 0.05 (s)+0.35 (s) = 30.327.

The expected transmission times of SH; (old eNB), SH|,
and SH; (new eNB) are given in Fig. 6. SHj exhibits the
minimum transmission time and is used by RNj. Therefore,
SU; performs a handover to the new eNB with the assistance
of RNj3. Dynamic relay node RN relays data to the new eNB
when RNj; receives data from SU;.

V. PERFORMANCE ANALYSIS

In this section, we use an analytic model to analyze the TTT
and TP for the proposed scheme. The Markov chain model
is adopted and represented as a directed graph, as shown in
Fig. 7. The SU, uses SH; over a given sequence of j spectrum
holes (SH;, SH, ..., SH;, ..., SH;) in the serving eNB,
where 1 < i < j. As previously discussed, two scenarios
are considered for this analysis.

Without loss of generality, we can assume that SH; has m
RBs, where 1 < m. Let the data of the SU, be divided into n
packets. The Markov chain model is split into three parts, as
shown in Fig. 7. In part I, an initial state of SH; denotes SU,
transmitting data packets through SH;. In part II, there are m
RBs, where 1 < m. Therefore, there are m RB; states, where
1 <i < m. Each RB may be reclaimed by a PU, and therefore,
m RBs are checked. If RB; is reclaimed by a PU, the state
changes to a relay-assisted or spectrum mobility operation to
SH; (part III); otherwise, the state increments to RB;,;, where
1 < i < m. If the RB,, state is reached and no blocks are

reclaimed by a PU, the state is reinitialized to SH; and no
spectrum mobility operation is performed. In part III, relay-
assisted or spectrum mobility operation to SH;" indicates that
SU, performs a spectrum mobility operation and changes the
spectrum hole from SH; to SH;’ or performs data transmission
with the assistance of a RN when SH; is reclaimed by a PU.
The state transition information is given below.
1) SH; fo RB;: indicates that the previous packet was
completely transmitted and next packet starts to be
transmitted using SH;.

RB; t0o RB,,;: there is a probability ef('unn ) that RB;
is not reclaimed by a PU.
RB; to relay-assisted or spectrum mobility operation to

SH;: there is a 1—]_[;;1 e ) probability that RB;
is reclaimed by a PU and RB, to RB,_; are not reclaimed
by a PU.

Aj
RB,, to SH;: there is a probability [];_, e = (i i) that
RB,, is not reclaimed by a PU. This implies that all m
RB; are not reclaimed by a PU and SU, can continue
to use SH;.
Relay-assisted or spectrum mobility operation to SHy
to relay -assisted: there is a probability Prepay x (1 —

Aj
[T, ¢ ‘i ™) that SU, transmits data through a RN.
Relay-assisted or spectrum mobility operation to SH: to
spectrum mobility operation to SH;: there is a proba-

blhty P%peclrum mobility X (1 - Hk 1e fani ‘eq)) that SUx
performs the spectrum mobility operation to change
spectrum holes.

Let it denote a period of time and X; be the number of RB;
reclaimed by a PU during fypii. Let treq = mixRBixlo‘gz(l TSNRa)
denote the required data transmission time between SU, an
the eNB through SH; without considering A; Prelay is the
probability of SU, transmitting data through a RN when
SH; is reclaimed by PU, and Pgpecyum 18 the probability of
SU, performing a spectrum mobility operation to a different
spectrum hole. Note that Pspectrum_mobility + Prelay = 1

2)
3)

*i
Tunit

4)

5)

6)
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Fig. 7. Relationship between RBs in scenario one.

With the Poisson distribution, the probability that SH; is not
reclaimed by PUs can be denoted as P,(SH;, treq).

Lemma 1: If there are m RBs in SH;, the probability that
SH; is not reclaimed by PUs is

m )
(2
P,(SH;, treq) = H e (’“"“ Xtmq)- 3)
k=1

Proof: The required transmission time is ftrq =

d, . . ..
< RB, Xlog, (17SNRyn) \.zvh.ere d; is the size of. the remaining data
and R; is the transmission rate of SH;. This can be expressed

with the Poisson distribution as

Yt xe

flny) =" )
n.:

|

where n is the total number of event occurrences and y is a

positive real number that is equal to the expected occurrence

during a given time interval. The probability of the ith RB,

RB;, not being reclaimed by PUs during a time interval is

yi = 2 Therefore, the probability of P,(SH;, leq) can be
m (== 2 req)

represented as [ [}, e i
The TTT is represented as

Tunit

1 j n-—1

Trrr = = Z Z(Told_eNB + Inon-reclamimed) 5)
J i=1 k=0

where 1 <i<j

Toa_ens 18 the expected time required for SU, to perform a
spectrum mobility operation and switch to the new spectrum
hole, SH;/, or use a RN for packet transmission. Ton_reclaimed
is the expected transmission time for SU, packet transmission
using the original spectrum hole, SH;. The expected trans-
mission times, Tyq enB ANd Thon reclaimed, are calculated in the
following.

Lemma 2: If there is a SU, data packet that needs to be
transmitted through eNB by spectrum hole SH;, the expected

transmission time, Ty1q_eNB, Can be expressed as

Py (SHj, treq))
Pu (SHi» treq))

Toid_eng = P, spectrum_mobihty x (1 -
X(TL2H + )+ Preldy X (1

R xnd
(RWLan R;>t<n)'
(6)
Proof: The transmission time of a data packet is Tyoy +
R_d;n assuming SU, needs to perform a spectrum mobility

operation. Here, Tioy is the time required for a spectrum
mobility operation, and ;n is transmission time between
the SU, and serving eNB If SU, uses a RN node for data
transmission, the transm1ss1on time between SU, and RN can
be expressed as . The probability of spectrum mobility
is Pspectrum,moblmy(l P (SH;, freq)), and the probability of the
relay-assisted approach is Prejay % (1 — P,(SH;, treq)). The ex-
pected transmission time can be expressed as Pypectrum_mobility X

(1 - Pu(Ssz treq)) X (TL2H+ R; xn)+ Prelay X(l - P (Ssz treq)) X

( d, i + df . -

Rwinxn Rixn

Lemma 3: If there is a SU, data packet that needs to be
transmitted through the serving eNB by the original spectrum
hole, SU,, the expected transmission time, Thon_ reclaimed, Can

be expressed as
a (7)
Rixn)’

Proof: The probability of a non-reclaimed case is
P,(SH;, teq), and the transmission time of a data packet

Tnon,reclaimed = Pu(SHh treq) X <

is Rf")’(ﬂ. The expected transmission time, Thon_reclaimeds 1S
d
P,(SH;, treq) X R,‘>’<n . ||

Theorem 1: In general, if there are j spectrum holes from
SH; to SH; for 1 < i < j, and n data packets transmitted
from SU, to the serving eNB, ranging from P) to P,_;, the
expected TTT, Trrr, can be expressed as

Trrr = Z((l — Py(SH;, treq))
i=1
X (Pspectrum_mobility X n X TL2H + Prelay X tRN) + treq)

where 1 <i < j, teq = %, and gy =

8
Rwian*
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Proof: Based on Lemmas 2 and 3, the transmission time
of a packet is To1d_enB+Thon_reclaimed- Based on (5), the expected

TTT is Trrr = % ijzl Z=_1 Tone_packet» Which can be rewritten
as the following:

n—1

E E ( spectrum_ mobility X (1 — Py (SH;, freq)) X (TL2H+

i=1 k=0
) dy dy
+Prelay X (1 — P,(SH;, freq) X (RWLAN xn T R; xn)

+P, x

Trrr =

dr
R; xn)

1
7 E (Pspectrum_mobility X (1 — Py (SH;, treq)) X (n X TLoH + treq)

i=1
+Pretay X (1 — Py(SH;, freq) X (IRN + freq)
+Py(SHy, treq) X treq)

J

1
I E (Pspectrum_mobility X 7 X TLoH — Pspectrum_ mobility

i=1

X Py(SH;, treq) x n X Tron

+Pretay X IRN — Prelay X Pu(SHi, treq) X IRN + freq
J

-
=; E (Pspectrum _mobility (1 — (Py(SH;, treq)))

i=1
X(Pspec!rum, mobility X 77 X Tion
+Prelay X TRN) + req)

where 1 <i < j, tieq = and IRN = R\iAN‘ [ ]

In this section, we further consider scenario two, in which
an SU, performs a spectrum mobility operation or handover
with or without the assistance of a RN when SU, is close or
located at the overlapped area. As shown in Fig. 8, the Markov
chain model is split into three parts.

In part I, initial state of SH; denotes that SU, transmits the
data packet through the current spectrum hole, SH;. In part II,
there are m RBs, where 1 < m, and m RB; states, where 1 <
i < m. Each RB may be reclaimed by a PU. Therefore, m RBs
are checked once. If RB; is reclaimed by a PU, then the state
changes to a relay-assisted or spectrum mobility operation to
SH; or relay-assisted or handover to SH), (part III). Otherwise,
the state is incremented to RB;;;, where 1 < i < m. If no
states are reclaimed by RB,,, the state is reinitialized to SH;
without performing a spectrum mobility operation or handover
procedure. In part III, the handover to SH; state indicates
that the SU, performs a handover procedure and changes the
spectrum hole from SH; to SH). Additional state transition
information is given as follows.

1) RB; to relay-assisted or spectrum mobility opemtion to

A
SH;: there is a probability Ppey_eng(1 —Hk e (i Xrea))
that RB; is reclaimed by a PU, a spectrum mobility
operation is performed, and all states from RB; to RB;_,
are not reclaimed by PUs.

2) RB; to relay-assisted or handover) to SH;:
probability Prey exs(1 — [[ie, € i V) that RB; is
reclaimed by a PU, a handover procedure is performed,
and all states from RB; to RB,_; are not reclaimed by
PUs.

3) Relay-assisted or spectrum mobility operation to SHy
to relay-assisted: there is a probability Pgg eng X

A
Pold_relay X (1 — Hk e G X)) that SU, transmits data
through a relay node by accessing the current (old) eNB.
4) Relay-assisted or spectrum mobility operation to SH; to
spectrum mobility operation to SHy: there is a probabil-

there is a

A
ity Phew_eNB X Pspectrum_mobility x (1 _HZLl ei(ﬁ Xtmq)) that
SU, performs a spectrum mobility operation to change
spectrum holes.
5) Relay-assisted or handover to SHj, to relay-assisted:
there is a probability Puew eNB X Prew_relay X (1 —

(2 .
[T e Cani >“’e")) that SU, transmits data through a relay
node by accessing the next (new) eNB.

6) Relay-assisted or handover to SH. to handover to

SH,: there is a probability Pnew_ens X Phandover X (1 —
A

[T, e ‘i **)) that SU, performs the handover proce-

dure.

In the following section, we derive the expected TTT of
scenario two. If an SU, only transmits packets through the
serving (old) eNB or next (new) eNB, we can write the
following expressions:

Pold_eNB + Prew_eng = 1 ()

Polg_eNB + Pspectrum_mobility =1 9

Prew_eNB + Phandover = 1 (10)

where Pgq_eng 1S the probability of accessing the old eNB
and Pnew_cNp 1S the probability of accessing the new eNB.
The expected TTT can be expressed as

Jj n—1
Trrr = l Z Z[(Told,eNB + Thew_eNB) + Thon_claimed] ~ (11)
i=1 k=0
where 1 < i < j and Ty np are the expected time
required for SU, to perform the handover and use the new
spectrum hole, SH;, in the new eNB for data packet transmis-
sion. Tyon_handover 1 the expected time required for SU, data
packet transmission using the original SH; in the old eNB. In
the following, the expected transmission times, Tyew_eng and
Told_eNB, are calculated.

Lemma 4: If there is one packet transmitted to the new
eNB, SU, needs to perform the handover to the new eNB.
The expected transmission time, Tpew eng, Can be expressed
as

Tnew,eNB = Pnew eNB X Phandover X (1 - PM(SHi’ treq))
X (TLZH +Tu+
+Pnew eNB + Pnew relay X (1 - PM(SHiv treq))

d[
+ Rixn)'

Proof: The probability of a handover to SH}, of SU; is
Prew enB X PhamdOver x (1= P,(SH;, teq)). The transmission time
is Toon+Tisn+ % L where 71,y is the spectrum mobility time,
Ti3n is the L3 handover time, and R/-d>’<n is the time cost of one
packet transmission. If SU, uses a RN to access the new eNB
for the data transmission the transmission time between the
SU, and RN is Aan The probability of a relay-assisted
approaCh is Pnew,eNB + Pnew,relay X (1 - PM(SHlv treq))’ and
the expected transmission time iS Ppew_eNB X Phandover X (1 —
P,(SH;, treq)) X (Tron + Tizn + Rd;n) + Phew_eNB + Pnew,relay X
(1 = Py(SH;, freg) X (Tian + s + 7o)- n

RWLAN Xn Rixn

12)

x (TLSH + RWLAN xXn
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Fig. 8. Relationship between spectrum mobility and handover in scenario two.

Lemma 5: 1If there is one packet to be transmitted from SU,
to the serving eNB through a different spectrum hole, SH;,
the expected transmission time, Ty1q_eNB, Can be expressed as

Told,eNB = Pold,eNB X Pspectrum,mobilily X (1 - Pu(SHia treq))

d,
X (TLZH + %oew ) + Pold_eNB + Pold_relay

x(1 — P,(SH;, teq)) X (L + R,d>l<n) :

RwianXxn

(13)

Proof: The transmission time of one packet is TL2H+ 7, =
if SU, needs to perform a spectrum mobility operation.
Here, Tiop is the time cost of the spectrum mobility oper-
ation and Rd;n is transmission time between SU, and the
serving eNB. If SU, uses an RN for data transmission,
the transmission time between SU, and RN is W.
The probability of performing a spectrum mobility opera-
tion is Pold,eNB X Pspeclrum,mobilily X (1 - PM(SHi7 treq))a and
the probability of the relay-assisted approach is Pyq_en +
Potd_relay X (1 — P,(SH;, treq)). The expected transmission time
is Pold_eNB X Pspectrum_mobility X (1_Pu (SHi1 treq))x (TL2H+ R.d;n)"'
Pold,eNB + Pold,relay X (1 - Pu(SHi: treq)) X (m + R,>I<n)'

Theorem 2: 1f there are j spectrum holes from SH; to SH;,
for 1 <i < j, and n data packets to be transmitted from SU,
to the serving (old) eNB or the next (new) eNB, ranging from

Py to P,_, then the expected TTT, Tryr, can be written as

1 j n—1
Trrr = — Z Z {Pold,eNB X Pspectrum,mobility
i=1 k=0
dy
x(1—=P,(SH;, treq)) X | Tron+
R;xn

+Pold_eNB + Pold_relay X (1 - Pu(SHiv treq))

reclaiming by PU

dy dy
X +
RWLAN Xn Ri Xn

+Pnew,eNB + Phandover X (1 - Pu (SHi’ treq))

d;
X | Tion + Tisu + R

i Xn
+Piew_eNB + Pnew,relay x (1 — P,(SH;, treq))

dt df
X TL3H + +
RWLAN Xn R,’ Xn

£PL(SH feg) X ="
) X

u is treq R, X n

] J n—1

n Z {TL2H x (1= Pu(SHiy treq))

‘] i=1 k=0
X(Pold,eNB X Pspectrum-mobility + Pnew,eNB

d;
+P handover) t+t
Rwian X n

X(l - Pu(SHi, treq)) X (Pold,eNB + Pold,relay + Pnew,eNB

d
+Pnew,relay) + Pnew,eNB X (1 - Pu(SHi» treq)) X : }

R, xn
1 J n—1
= ; Z Z {(1 - P,(SH;, treq)) X [Tion nonumber
i=1 k=0

X(Pold,eNB X Pspectrum,mobility + Pnew,eNB

d
+Phand0ver) + X (Pold_eNB

RwLAN X 1
+Pold,relay + Pnew,eNB + Pnew,relay)

d
+Ti30 X Poew_enpl + —— }
R, xn
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= Z{(l — Py(SH;, freg))
i=1
X [I’l X TL2H X (Pold,eNB X Pspeclrum,mobility + Pnew,eNB)
+Phandover) +IrN X 1 X (Pold,eNB
+Pold,relay + Phew_eNB + Pnew,relay)
+n X Tpag X Phew_en] + treq}

where 1 <i < j, fieq = %, and gy = d’ [ ]

The TP of the proposed protocol is also analyzed In general,
the TP is equal to the data size divided by the TTT and
expressed as

d

TP = .
Trrr

(14)

Theorem 3: Assuming an SU, data size of d; and a TTT
of Trrr, where Trrr is derived from Theorem 1 for scenario
one (SU, is in the nonoverlapped area) and Theorem 2 for
scenario two (SU, is close to or in the overlapped area), the
respective TPs, TP, and TP,, are derived as follows:

dxi
TP,= tX]

; (15)
Z((l —P,(SH;, treq)) X (Pspectrum_mobilily XnX
i=1

TL2H+Prelay X tRN)"'treq)

Proof: Based on Theorem 1, TP TP, is expressed as

4y
TP =

; g ((1—= Py (SHy, treq)) X (Pspectrum_ mobility X7 X TLaH+ Prelay X IRN ) +req)

Jj=1
dr X j

i
g (( 1-P, (SHl ’ treq ) ><(Pspé:ctrum,mobilily XnXx TL2H+Prelay X tRN)'”req)
J=1

The derivation of TP, is similar to that of TP; and is omitted
for simplicity. u

Finally, the number of spectrum mobility (NSM) operations
and handovers were also analyzed.

Lemma 6: If there is one SU, packet to be transmitted
to the serving eNB through SH;, the probability that SH; is
reclaimed by PUs is

m

,E' 1_He )

Proof: Based on Lemma 1, the probability that SH; is not

reclaimed by PUs is P,(SH;, freq) = [[}1, ef(ﬁm”“). Then,
the probability that SH; is reclaimed by PUs can be expressed
as

(16)

-

(1 - P (SHla treq))
! a7

i3 (111 ),
1

i k=1

i=

1
J
i
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Fig. 9. TTT versus number of PUs in scenario one.
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Fig. 10. TTT versus data size in scenario two.
Theorem 4: Assuming that the SU, data size is d; and can

be divided into n packets, the expected NSM operations or
handovers can be expressed as

J m N
=1.an I—Hef(ﬁm”“‘)
1 k=1

Proof: The probability of spectrum mobility operations
or handovers during a single packet transmission is 1 —

dovers for one packet is %

(18)

, and the expected NSM operations or han-
1 -1, e—(,ﬁxtmq) . Con-
sequently, the expected NSM operations or handovers for a

. A
data size of d; is %Zijzl n x <1 — 1T, e(ﬁﬁ’m))_ -

VI. SIMULATION RESULTS

This paper presents a relay-assisted, cross-layer protocol of
spectrum mobility and handover in cognitive LTE systems.
To evaluate our proposed protocol, two simulation scenarios
are implemented using the network simulator-2 (NS-2) [22],
NS-2 CR network model [23], and 3GPP module [24]. The
simulation is performed under two scenarios. The proposed
scheme is compared to the layer-2 scheme. In simulation
scenario one, our proposed scheme compares the spectrum
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mobility result of [17] by adopting the minimum expected
transmission time, T, without RN assistance. The max idle
time utilizes the predictive channel selection scheme that is
based on the concept of the maximum idle time proposed
by Hoyhtya er al. [25]. Proposed scheme A is represented
as the analysis results of our proposed scheme, which is
derived from the performance analysis described in Section V.
That is, proposed scheme A represents the theoretical results
and proposed scheme represents the numerical results. In
simulation scenario two, our proposed scheme is compared to
the results of the mobile IPv6 protocol, also known as MIPv6,
[26] and handover results [17] that adopted the minimum
expected transmission time without RN assistance. The system
parameters are given in Table I, and we consider the expected
transmission time, Ty, as a simulation parameter. If Ty is
large, then the expected transmission time of the spectrum hole
will be high. This implies that the SU experiences a higher
risk of PUs reclaiming resources and also results in frequent
spectrum mobility operations and handovers. Small values of
T imply a high service data transmission success rate and a
reduced probably of resources being reclaimed by PUs. The
performance metrics measured are described as follows.

1) The TTT is the data transmission time interval between
an SU and corresponding node, CN, through the old eNB
or the new eNB. The TTT is estimated from the first

Number of spectrum holes

b)

(a) EED versus number of PUs in scenario two. (b) EED versus number of spectrum hole in scenario two.

packet transmitted from CN to the final packet received
by SU through the old eNB or the new eNB.

The EED is the average delay time for every packet of
data that can be transmitted from an SU to CN by the
old eNB or the new eNB. For the same data size, large
values of EED correspond to higher Tr values.

The TP is the total number of data packets that can be
transmitted and received between an SU-CN pair per
unit time.

The NSM is the total NSM operations during data
transmission between an SU-CN pair.

2)

3)

4)

A. Total Transmission Time

The simulation results of TTT, for various data sizes and
numbers of PUs, using simulation scenario one are shown
in Fig. 9. Fig. 9 shows the observed TTT under different
numbers of PUs, where P, is fixed at 0.5. Fig. 9 shows that
the TTT curve of our proposed protocol is lower than that
of the minimum expected transmission time and maximum
idle time schemes for different numbers of PUs. We also
observed that the TTT of the proposed scheme was low if
the number of PUs was low, which was also observed in
proposed scheme A. Finally, Fig. 9 shows that the TTT curve
in our proposed scheme is lower than that of the minimum
expected transmission time and maximum idle time schemes
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TABLE 1
SIMULATION PARAMETERS

Parameter Value

BS transmission range 50km
Network size 300 km x 300 km
SUs sensing range 1 km

SUs speed 0-50 km/h
No. of SUs 0-20
Spectrum sensing period 40 ms
Spectrum switching delay 10 ms
Transfer delay 10 ms
Handover delay 200-350 ms
Packet size 1500
Simulation time Bytes 100-1000s

for different numbers of PUs. This is because our scheme
adopts the minimum expected transmission time scheme with
RN assistance.

The TTT simulation results for various data sizes and
numbers of PUs for simulation scenario two are shown in
Fig. 10. Fig. 10 shows the observed TTT for various data sizes,
where P, is fixed at 0.5. We observed that the TTT curve for
our proposed scheme was low for small data sizes, which was
also observed in proposed scheme A, as illustrated in Fig. 10.
Fig. 10 also shows that the TTT curve for our scheme is
lower than that of the minimum expected transmission time
and MIPv6 schemes for various data sizes.

B. End-to-End Delay

The EED simulation results for various data sizes and
numbers of PUs for simulation scenario one are shown in
Fig. 11. Fig. 11(a) shows the observed EDD under various data
sizes (ranging from 10 to 50 Mb), where P, is fixed at 0.5. In
general, the EDD increases as the number of PUs increases.
Fig. 11(a) illustrates that the EED curve for our scheme is
lower than that of the minimum expected transmission time
and maximum idle time schemes. In general, the EED drops
as the number of spectrum holes increases. Fig. 11(b) shows
the observed EDD under various data sizes, where P, is fixed
at 0.5. Fig. 11(b) illustrates that the EED curve for our scheme
is lower than that of the minimum expected transmission time
and maximum idle time schemes. This is because our scheme

o

Number of primary users

(b)

(a) TP versus data size in scenario one. (b) TP versus number of PUs in scenario one.
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Fig. 14. TP versus data size in scenario two.

adopts the minimum expected transmission time scheme with
RN assistance. Fig. 12 illustrates the EED simulation results
for various numbers of PUs and spectrum holes for simulation
scenario two. In general, the EED increases as the number
of PUs increases and spectrum holes decreases. Fig. 12(a)
shows that our scheme has less EDD than that of the minimum
expected transmission time and MIPv6 protocols because that
our scheme utilizes RN assistance. Our proposed scheme
adopts the dynamic spectrum resource scheme by dynamically
collecting spectrum hole information from dynamic RN,
especially in poor network environments. This information is
useful for our layer-3 handoff procedure because it selects
large size spectrum holes. Fig. 12(b) confirms that the EDD of
our proposed scheme is less than that of the minimum expected
transmission time and MIPv6 protocols for various numbers
of spectrum holes.

C. Throughput

The TP simulation results for various data sizes and number
of PUs for simulation scenario one are shown in Fig. 13.
Fig. 13(a) shows the observed TP under various data sizes,
where P, is fixed at 0.5. The TP of the proposed scheme
drops as the data size increases, which was also observed in
proposed scheme A. Fig. 13(a) illustrates that the TP curve
for our scheme is higher than that of the minimum expected
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Fig. 16. Number of handoff versus data size in scenario two.

transmission time and maximum idle time schemes under
various data sizes. The TP of the proposed scheme drops as the
number of PUs increases, which was also observed in proposed
scheme A, as shown in Fig. 13(b). Fig. 13(b) illustrates
that the TP curve for our scheme is higher than that of the
minimum expected transmission time and that maximum idle
time schemes under various number of PUs. This is because
our scheme adopts the minimum expected transmission time
with RN assistance. Fig. 14 shows the simulated TP results
of various data sizes for the simulation scenario two. The
TP of the proposed scheme drops as the data size increases,
which was also observed in proposed scheme A. Fig. 14 shows
that the MIPv6 protocol has the lowest TP value because the
fixed spectrum resource scheme is used in the MIPv6 protocol.
It also shows that our scheme has a better TP value than
the minimum expected transmission time scheme because our
scheme utilizes RN assistance.

D. Number of Spectrum Mobility

The simulation results of the NSM under various data sizes
and number of PUs for simulation scenario one are shown
in Fig. 15. Fig. 15(a) shows the NSM for various data sizes,
where P, is fixed at 0.5. In general, the NSM drops as the

VII. CONCLUSION

This paper described a relay-assisted protocol for spectrum
mobility and handover with a minimum expected transmission
time in cognitive LTE networks. A performance improvement
was demonstrated in the relay-assisted cross-layer handoff
protocol with dynamic relay nodes. We presented an in-
depth performance analysis of the relay-assisted spectrum
mobility and handover protocol to better characterize this
performance enhancement. Our simulation results illustrated
that the proposed cross-layer protocol, with the assistance
of RNs, can significantly reduce the expected transmission
time and spectrum mobility ratio, especially in poor network
environments.
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