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Abstract Vertical handoff is a new type of handoff in wireless networks. It is issued when a
mobile node moves over overlapping wireless networks with each proving a different access
bandwidth, transmission latency, and coverage. By issuing the vertical handoff, the mobile node can
obtain better network bandwidth. In the sense of TCP throughput, however, the vertical handoff does
not always produce positive performance gain, so sometimes it is better for the mobile node to stay
at lower bandwidth providing network rather than to select and move to higher bandwidth providing
network. In this paper, we analyze TCP throughput for vertical handoff, and propose a new handoff
decision scheme which can estimate TCP throughput at the moment of vertical handoff. Based on the
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estimation, a mobile node can decide to issue vertical handoff to produce better TCP throughput, and

we verify the results by simulations.
Key words :

1. Introduction

In coming future wireless networks, multiple dif-
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ferent types of wireless networks are expected to
be overlaid, with each providing varying access
bandwidth and coverage level. A mobile node in a
vehicle or a human-hand moves over two or more
different types of the wireless networks, and we
refer to such a procedure that handles handoff bet-
ween them as vertical handoff. Specifically, we call
it downward vertical handoff when the mobile node
moves from a lower bandwidth providing network
to a higher, and upward vertical handoff when vice
versa [1,21.

As shown in Fig. 1, a mobile node in a vehicle
moves over two different types of wireless net—
works successively. A cellular network has lower
bandwidth and larger coverage than a WLAN
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Fig. 1 Vertical Handoff: A MN(Mobile Node) moves
over multiple wireless networks with com-—
municating with CN(Correspondent Node).
Cellular network has large coverage and low
bandwidth, and WLAN has small coverage
and high bandwidth

(Wireless LAN). Downward vertical handoff occurs
when the mobile node moves into WLAN, and
While
upward vertical handoff must be issued to maintain

upward vertical handoff when out of it.

the connection with CN(Correspondent Node), down-
ward vertical handoff is not a mandatory but an
optional procedure because the coverage of WLAN
is included in cellular network.

It is quite advantageous that a mobile node
issues downward vertical handoff and gets higher
bandwidth. The longer as the mobile node stays at
WLAN, the higher as the throughput it can achi-
eve. In the sense of TCP throughput, however,
vertical handoff does not always produce positive
throughput gain due to the drastic changes of
bandwidth and latency which produce a bunch of
packet reordering, link underutilization, packet over-
flows, and spurious timeout [3-8). So, it sometimes
would be better to stay at cellular network rather
than to issue downward vertical handoff to move
to WLAN.

In [9], most of traffic measured at a backbone
network is TCP traffic, and 40% of the amount of
data are carried by streams with lifetime more than
1000 second. Consequently, serious considerations
should be given toward long-lived TCP because the
current data traffic characteristics could continue in
future networks. However, previous vertical handoff
decision studies do not give much considerations  on
TCP yet. Most of the studies introduced vertical

handoff schemes, and proposed ideas to select the
best network to meet user’s preference or optimal
performance of network layer or below.

[10] and [11] proposed a vertical handoff decision
for the best selection to meet or optimize QoS
requirements, performance metric by a policy, and
user’s preferences of network layer. [12] proposed a
cost function that can produce optimized use of
network resource from the variety of users- and
network-valued metrics. [13] and (14] proposed a
vertical handoff decision to reflect users preference
to network layer resources and battery consump-
tion, respectively.

In the context of TCP consideration, [15] men-
tioned and proposed a vertical handoff decision
about optimizing TCP performance. They proposed
to build a look-up-table of TCP connection time,
mobile speed, and overall handoff performance.
Handoff is initiated only if the overall performance
is estimated positive. However, they have to ‘pre-
pare the look-up-table in advance for all possible
cases, and they also need GPS(Global Positioning
System) hardware to measure the speed of mobile
node. They do not consider other parameters like
bandwidth and RTT(Round Trip Time) which are
important factors to TCP performance.

In this paper, we analyze the performance of
TCP for vertical handoff in wireless networks, and
propose an elegant way of vertical handoff decision
optimizing TCP throughput. Our proposed handoff
decision can estimate TCP throughput without any
additional
hardware. It also takes into account bandwidth and
RTT in the estimation.

pre-built  look-up-table and any

2. TCP Throughput Estimation for Vertical
Handoff

Based on the analysis of TCP behavior, we can
gain of TCP

Our estimation

estimate positive and negative
throughput for vertical handoff.
assumes that different types of wireless networks
are overlaid as shown in Fig. 1. Our proposed
handoff decision scheme issues downward vertical
handoff when the positive gain of TCP performance
is larger than the negative gain. On the other hand,

it does not issue the handoff.
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2.1 TCP Considerations
handoff to WLAN gives
higher bandwidth and lower link latency, but TCP

has to experience handoff latency, RTO expiration,

Downward vertical

and a bunch of duplicate packets. In the sense of
TCP throughput, negative and positive gain are
co-existed on downward vertical handoff. Higher
bandwidth and lower link latency are the positive
gain, but the sudden change of network conditions
and handoff latency are the negative gain.

For different handoff methods such as soft hand-
off and hard handoff, we have to consider TCP
performance differently. In case of hard handoff
method, TCP has to experience vertical handoff
latency on both of downward and upward vertical
handoff, denoted as Tgmwn and Ty, respectively in
Fig. 2. [4] measured Tumn as 7 seconds and T, as
4 seconds respectively. The handoff also forces
TCP to expire RTO multiple times successively,
and then SSTHRESHOLD (Slow-Start THRES-
HOLD) comes to set by almost 1. It makes TCP
start with congestion avoidance mode from CWND
(Congestion WiNDow) 1 after the timeout. So, the

6e+6

Cellutar

Cellutar WLAN
Ge+6 1 I Network

Network
4e+6

3et6
2e+6

1e+6 4

TCP Sending Rate (bit per second)

. ~down T'aﬁaol bt . Ty_g .
80 90 100 110 120 130 140 150
Elapsed Time (second)

Fig. 2 TCP Throughput Curves: A WLAN is overlaid
by a cellular network. The WLAN provides
5Mbps,
384Kbps. A mobile node passes through the
cellular network first, then passes through the
WLAN, and finally gets to the cellular network

again. The mobile node meets a downward

and the cellular network provides

vertical handoff at 100 second, and stays at the
WLAN for 30 seconds, and meets upward
vertical handoff at 130 second. Hard handoff
method is used for this simulation

time to get to newly assigned high bandwidth
becomes very long because TCP has to increase
just one CWND after one RTT [7]. We denote this
period as Tadape in Fig. 2.

In case of soft handoff method, a bunch of pac-
kets are received with reordered on downward
vertical handoff, and this forces the received pac—
kets to be dropped because the reordered packets
are considered as duplicate packets [4,5].

This period comes under Tyown Among TCPs,
TCP SACK shows the best performance while
other TCPs suffer seriously from the bunch of
packet reordered because congestion recovery mode
takes very long time in retransmitting all the
reordered packets [16]. On upward vertical handoff,
RTO expirations occur due to suddenly prolonged
link latency [7,8]. Then, TCP has to wait for
fimeout to be expired without transmitting any
packet, and this comes under Typ.

To verify the overall TCP throughput, we used
ns—2(network simulator 2) simulations with the
same scenario used in Fig. 2. We set 7 seconds
and 4 seconds for downward and upward vertical
handoff latencies, respectively as mentioned in [4].
TCP SACK runs file transfer for this simulations.
The results are shown in Fig. 3.

Flow 0 does not issue downward vertical handoff

even though it could do. Others issue downward

12000
Flowd: No Handoit Flows
Flowt: 1Mbps, 20sec
10000 1 | rlow2: 1Mbps. 30sec
3 Flowd: 1Mbps. 50sec
2 || Flows: 2Mbps. 30sec
‘§ 8000 Flows: 5Mbps. 30sec im;
§ Flow2
= 6000 4 Flowd
@\
<
@ 4000
2000 4
o0 80 100 120 140 160 180 200 220

Elapsed Time
Fig. 3. The Amount of Bytes TCP Transmits: Flow(
always stays at cellular network without
downward vertical handoff, and others issue
downward vertical handoff to WLAN. Simu-
lations have the same network conditions with
those of Fig. 2
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vertical handoff at 100 second. After the downward
vertical handoff, 5 TCP flows have each different
durations staying at WLAN and this is supposed to
represent different speeds of a mobile node. Then
they have to issue upward vertical handoff to
cellular network when leaving the WLAN. In stay-
ing at the WLAN, they get assigned different band-
widths because access point in a WLAN assigns
different bandwidths to a newly arrived mobile node
depending on the distance between the mobile node
and the access point, and network conditions.

While Flow2, Flow3, Flow4, and Flow5 achieved
better performance than Flow0, Flowl got worse
performance even though it issued downward
vertical handoff and is provided higher bandwidth
and lower link latency. This means that not all
downward vertical handoffs to WLAN do not give
better TCP throughput than just staying at cellular
network. For the case of Flow 1, staying at cellular
network could produce better performance than
issuing downward vertical handoff to WLAN.

2.2 TCP Throughput Estimation

We denote G, as the amount of data to be
received while staying at a WLAN after downward
vertical handoff, and Gy, as the amount of data to
be received while sfaying at cellular network
during exactly the same duration a mobile node
could stay at WLAN if it would issue downward
vertical handoff. If G, is larger than Guo, then it is
better to issue downward vertical handoff, other—
wise, it is better not to issue it.

Guwo can be simply derived as follows. Because
TCP should be in congestion avoidance mode,
CWND varies from the half of the previous top to
the top repeatedly. The sending rate, Rceiuar, also
varies as CWND varies, so the average sending
rate is 0.75%Ecenuar where Eceiar is the bandwidth
provided by cellular network.

Gho =0.T5X Ry X (Tyyp g+ Typp)-

Twran is the duration a mobile node could stay

at WLAN if the mobile

downward vertical handoff, and it includes Tuouwn.

node would issues

Ty and Taown are the period mentioned in Fig. 2.
Gy can be derived as two phases. The first

phase includes the period denoted as Tads: shown

in Fig. 2. In this period, TCP linearly increases

CWND from 0 to top which means the available
bandwidth of WLAN. The second phase includes
the period during when CWND varies between the
half of the previous top and the top repeatedly as
shown in Fig. 2.

Nuiﬁ

G, = Y iX MSSX8+0.75X Ry 4 v X Tive -
i=1
‘]v(du[l

The first term, »,iXMSSX8, means the data

i=1
transmitted during Tgdee and the second term
means TCP congestion avoidance mode after Tadape.
Nudepe 1S the number of stalling to receive ACK
segments during Tadgpe. During  Toggr, CWND
increases linearly because SSTHRESHOLD should
be set by 1 due to successive RTO expirations by,
hard handoff or a bunch of duplicate ACKs by soft
handoff. Rwrav is the bandwidth
WLAN. Tgive is the duration a mobile node can
transmit data at WLAN after downward vertical
handoff. Nadap: and Tacive can be derived as follows.
N =max{i| RTT+ MSS/R—(i—1) X MSS/R = 0}.

adapt

provided by

The time to occupy the available bandwidth is
(i—1) X MSS/R, where i is an integer, and MSS/R
is the time for sending a segment. To use up the
available bandwidth completely, the time should be
equal to or exceed RITH+S/R If
RTT+ MSS/R, that means the sending rate exceeds

the available bandwidth. Nz becomes as follows

it exceeds

finally.
N

adapt

=2+ RTTX R/ MSS

=~ RTTX R/ MSS.

Tactive 15 the time during which a mobile node
can send data at WLAN. Twran is the whole time
of staying at WLAN, then,

Live = Twran™ Lioun -

To issue handoff to have optimized TCP per-
formance, the handoff will be issued when Gy is
bigger than Gu.. Table 1 shows the results of TCP
throughput estimation for the simulations shown in
Fig. 3. The proposed TCP throughput estimation
can decide accurately whether the downward
vertical handoff is issued or not for these examples.
Flowl

vertical handoff, and that is matched well with the

is recommended not to issue downward

results of the simulations of Fig. 3.
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Table 1. Handoff Decision based on Proposed Esti-
mation; Flowl is estimated not to issue
downward vertical handoff while others
are estimated to issue the handoff. The

estimations have the same results of the

simulations

Bandwidth | Duration| Gy Guo Preffer.red
Decision

Flow5 | 55Mbps 30sec | 67.51M | 11.23M Issue

Flow4 2Mbps 30sec | 27.00M | 11.23M Issue

Flow3 1Mbps 50sec | 28.50M | 16.99M Issue

Flow?2 1Mbps 30sec | 13.50M | 11.23M Issue
Flow1l 1Mbps 20sec | 6.00M | 835M | Not Issue

3. Proposed Handoff Decision

In this section, we propose a new vertical hand-
off decision scheme based on our proposed TCP
throughput estimation. To estimate TCP throughput
at the moment of downward vertical handoff, we
need to know the parameters used in the esti-
mation. The way to know them depends on what
types the accessing networks are and what pro-
tocols they use.

We consider two network types, a WLAN and a
cellular network. WLAN has small coverage but
high bandwidth while cellular network has large
coverage but low bandwidth. Multiple WILANs can
be overlaid by a cellular network, and the move
from WLAN to cellular network is an upward
vertical handoff, and the opposite directive move is
a downward vertical handoff. We assume that hard
handoff method is used. )

3.1 Proposed Handoff Decision

To estimate Gw and Guo, we need to know
R(Bandwidth), MSS, RTT, Taoun, Tup, and Twran at

the moment downward vertical

of or before

handoff. The way to know them are introduced as

follows.

* Mss © It can be read from a pre-defined value in
a special purpose file in a system.

*R (Bandwidth)

802.11, the antennas on each device, the distance

© It depends on the version of

between an access point and a mobile node and
how many other nodes are requesting bandwidth
[17]. In the header of PLCP(Physical Layer Con-
vergence Protocol) which is a part of wireless

physical layer, SIGNAL field indicates how fast
the payload will be transmitted such like 1,25.5,
or 11Mbps [18].

*RTT : An accumulated average of RTT is mea-
sured and kept implicitly with TCP protocol [19].
* Taown and Tup
which TCP cannot send segments. In hard hand-

They are the periods during

off, this comes from the handoff latency which
consist of detect, registration, and binding update

[4]. In case of soft handoff, this comes from
packet drops due to successive packet reordering,
and RTO expirations due to suddenly prolonged
link latency [7,8]. The two durations are mea-
sured at the first visit to WLAN and used for
our estimation for subsequent visits.

* Twiran The duration between the time the
mobile node detects WLAN and the time it loses
the access to WLAN. This is measured at the
first visit to WLAN and used for our estimation
for next subsequent visits.

Among the parameters, MSS can be known
easily just by reading a file in advance. R can be
known at the moment of vertical handoff decision
by reading the header of physical layer protocol.
But the other parameters such Tgown, Tuw, BTT, and
Twray are not available at the moment of vertical
handoff. To get the variables, we propose to force
a mobile node to issue downward vertical handoff
to WLAN firstly to measure them. Including this
policy, we proposed vertical handoff decision scheme
as follows.

Algorithm 1. The Proposed Vertical Handoff Decision

For the first visit to WLAN
- issue downward vertical handoff
- measures Typ, Tgoun, a0d Twran
- extract sRTT in TCP variables and keep as RTT
For the second or subsequent visits to WLAN
- retrieve bandwidth information, R
- calculate G, and G, and compare them
- if G, is bigger than Guo
- then issue Downward Vertical Handoff
- else does not issue Downward Vertical Handoff
- update Twran, Tuown: Tup, and RTT (averages are
maintained)

The proposed decision scheme will be initiated at
the edge of WLAN where a mobile node will make
a decision of handoff to WLAN. An WLAN AP
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(Access Point) transmits a steady stream of beacon
frames. Beacons are used to advertise the AP's
capabilities, including the AP’s Service Set Identi-
fier (SSID), supported data rates, use of short pre-
ambles, channel agility, modulation options, privacy
requirements, and authentication and cipher suites.
Meanwhile, the mobile node receives the beacon
IEEE 80211 frames as
presence signals by radiating Radio Frequency(RF)

frames and transmits
energy at a given strength, referred to as Equi-
valent Isotropically Radiated Power (EIRP). Authen-
tication via IEEE 802.1x and IEEE 802.11 asso-
ciation between the mobile node and the WLAN
AP starts. An 802.11 association only provides data
link (Layer 2) connectivity. The data link connec—
tivity enables the mobile node to IP-communicate.
It means Mobile-IP can operate via dual inter—
facestWLAN or cellular network interface) [20,22].
At the time, handoff is ready to take place acc-
ording to the proposed decision scheme. The
information used for the proposed TCP throughput
estimation will be updated and kept in the mobile
node for the next use.

3.2 Prediction Error and Target Applications

The proposed vertical handoff decision predicts
the throughput which a mobile node can obtain in
. staying at WLAN. The prediction error between the
prediction and the real value, denoted by e, can be
represented as follows.

e=\G,— G\

G'y is real throughput a mobile node will obtain.
The major parameter to make e non-zero is Twran.
To predict Twran with the ﬁreviously accumulated
average value before vertical handoff can produce
non—zero e. So, in the situation a mobile node
moves in very randomly varied speed, the proposed
vertical handoff decision will not work well, other—
wise, it is expected to work well, however. The
situation that the speed of a mobile node does not
change dramatically is preferred for the proposed
vertical handoff decision.

The popular Internet services which have to run
long-lived TCP like peer-to—peer file sharing, multi-
media e-mail, and ftp could continue to be popular

in future network too. A mobile node moving in a

sustainable random speed and running long-live
TCP can achieve great performance gain by the

proposed vertical handoff decision scheme.

4. Verifications by Simulations

Our proposed vertical handoff decision is com-
pared with RSS(Radio Signal Strength) scheme that
uses radio signal strength as the indicator of
vertical handoff decision. Using RSS for handoff
indicator is used in many research works [20,21],
and that detect and decide handoff by the strength
of radio signal. Qur proposed handoff decision
scheme is also based on RSS to detect handoff, but
the decision is depended on our proposed TCP
throughput estimation. The metric to consider for
the performance of the proposed scheme and the
RSS scheme is the degree of handoff decision
accuracy about TCP throughput and the amount of
data transferred.

4.1 Simulation Environments

Fig. 4 shows the topology of nodes and the
scenario used in the simulations in this section. We
suppose the wireless link of cellular network pro-
vides 600 ms latency and 384 Kbps bandwidth, and
the wireless link of WLAN provides 60 ms latency
and 4 different (1Mbps, 2Mbps, 5.5Mbps, 11Mbps)
bandwidths. All other wired links are supposed to
be 10 ms latency and 100 Mbps bandwidth. The
maximum segment size is 1460 bytes. In the envi-
ronment, we rtun FTP(File Transfer Protocol),
which basically works on TCP. The traffic of FTP

is continuously transferred from source node to

(i’ : The proposed scheme and RSS issue downward vertical handoff.
“3) : The proposed scheme makes a decision based on the estimated
TCP throughput while RSS must issue downward vertical handoff.

Fig. 4 Simulation Topology and Scenario
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destination node in a given duration. Its rate will
fluctuate due to TCP congestion control. At the
starting time, the amount traffic will go up expo-
nentially by slow start of TCP, and will go and
down repeatedly due to congestion avoidance mode
of TCP. The simulations are done with ns-2.

In the results shown in Fig. 5 and Fig. 6, X axis
is the duration staying at the first WLAN. If the
duration of subsequently staying at WLAN is the
same with the first duration, the proposed vertical
handoff decision scheme would produce accurate
decisions with very high probability. However, in
real environment, the duration depending on the
speed of a mobile node varies randomly. To emu-
late this, the duration of subsequently staying at
WLAN is randomly changed by 10% by uniform
distribution.

We do 100 trials and record the percentage of

the correct handoff decision at Y axis. The correct

120
100 1 P O
g
g 80 -
§ &
_.[ i —&— Proposed : 5.5Mbps assigned
40 - J(} -0~ RSS ; 5.56Mbps assigned
—v— Propused : 11Mbps assigned
09 —o-~ RSS - 11Mbps assigned
20
10 20 30 40 50 60 70

Duration (second)
Fig. 5 Handoff Decision Correctness for 11Mbps and
55Mbps assigned Cases

120
100 -
. 80 \
g
g 01 2.
40 ¢
[
20 A 7°.~° —e— Proposed : 1Mbps assigned
L QO RSS : 1Mbps assigend
65“ —v— Proposed : 2Mbps assigned
0 —o- RSS : 2Mbps assighed

10 20 30 40 50 80
Duration (second)
Fig. 6 Handoff Decision Correctness for 2Mbps and

1Mbps assigned Cases

handoff decision means that the decision produces
better TCP throughput than the throughput obtai-
ned by the other way. RTT is also randomly
changed by 10% by uniform distribution.

4.2 Results and Discussions

In Fig. 5, a mobile node is assigned with 5.5Mbps
and 11Mbps. The correctness of RSS scheme gets
better as the duration gets longer at X axis. In
shortly staying before 15 seconds and 18 seconds
for 11Mbps and 55Mbps respectively, the correct-
ness is less than 50%, which means the decision
made by RSS scheme is wrong actually. The
negative performance gain for shortly staying could
be larger than the positive performance gain, but
RSS scheme forces a mobile node to issue down-
ward vertical handoff. On the other hand, the pro-
posed scheme does not always issue downward
vertical handoff but depends on the proposed esti-
mation. So, it can produce better correctness for
shortly staying period. The proposed scheme has
better correctness only about less duration than 15
seconds and 18 seconds for 11Mbps and 5.5Mbps,
respectively. That is because 11Mbps and 5.5Mbps
are large bandwidth enough that positive perfor-
mance gain could be larger than negative perfor-
mance gain when longer staying than 15 seconds
and 18 seconds for 11Mbps and 5.5Mbps cases,
respectively.

In Fig. 6, a mobile node is assigned with 1Mbps
and 2Mbps. The proposed decision scheme decides
not to issue downward vertical handoff by 20
seconds and 25 seconds for 1Mbps and Z2Mbps,
respectively while RSS scheme issues the down-
ward vertical handoff always. The decision made
by the proposed scheme has much higher correct—
ness than RSS

performance gain for small bandwidth is not much

scheme, because the positive
big enough to offset the negative performance gain
for short duration.

From the results of Fig. 5 and Fig. 6, we can
figure out that the proposed scheme shows better
correctness for shortly staying at WLAN with lower
bandwidth assigned. That is because the proposed
scheme can decide not to issue downward vertical
handoff when positive performance gain acquired by
high bandwidth and low link latency is expected
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lower than negative performance gain caused to
handoff latency, RTO expirations, and packet reor-
dering. Our proposed handoff decision can be
applied well for the mobi1¢ node which is assigned
low bandwidth and moves fast through multiple
WLANSs overlaid by a cellular network.

In Fig. 7, a mobile node is assigned with 1Mbps
and 11Mbps. For the 1Mbps case, the amount of
data transferred by the proposed decision scheme is
more than by RSS scheme before 20 second, and
there is no difference between the two schemes
after 20 second. Before 20 second, the proposed
decision scheme is likely to decide for staying at
cellular network rather than for moving to WLAN,
which
transfer shown in Fig. 7. For the 11Mbps case, the

improves the performance of TCP data

proposed scheme achieves the performance gain
before 15 second. The proposed scheme is likely to
decide for moving to WLAN and there becomes no
difference between two schemes after 15 second.
Before 20 and 15 second, the proposed handoff

decision scheme transmits more data than RSS.

5. Conclusions

In heterogeneous wireless networks, the vertical
handoff makes the performance of TCP degraded
due to sudden changes of available bandwidth and
latency in end-to-end path. In this paper, we pro-
posed a new handoff decision scheme, which
estimates TCP throughput for vertical handoff. It
will issue downward vertical handoff when the

estimated TCP throughput produces positive perfor—

AR =R RFA A 34 A A 6 £Q007.12)

mance gain, otherwise, it will not issue the handoff.
In the simulations, our proposed handoff decision
scheme shows better correctness than a conven-
tional handoff scheme, RSS scheme. Specially, our
proposed scheme shows much better performance
on the case that assigns lower bandwidth at
WLAN, and on the case that the speed of a mobile
node is so high that it stays short at WLAN.
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