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Abstract—Multi-channel system are becoming more and involves a scanning time as well to assess whether
more available and require new techniques to speed up the new channel satisfies some desired properties.
the channel access, especially when the mobile device is Seamless handoffs between access points are
equipped only with a single antenna. de difficult by the ti it tak h |

In this paper, we introduce some techniques and selection _ma € difficult by the time it takes to aSS_eSS the qual-
policies which allow a mobile device to speed up the acqui- ity Of the next channel to hand-off to. Prior work [3]
sition time for finding out a channel with satisfactory condi- attempts to facilitate the switch to a new channel by
tions. The 3 'policies we introqucg all speed up the scanning pro-actively evaluating the performance of the new
phase significantly while achieving near optimal through- channel. However. there is little work to find out re-
put. i : ' _
We assess analytically and numerically the performance ?Ct'vely (or break before make) Wha‘t is the best new
of the policies and show an acquisition time divided by a link to perform a handover to, despite the fact that,
factor two to five, while the achieved throughput stays com- quite often, proactive handoff is not practical.
parable to an exhaustive search . In this study, we consider ways to speed up the

time to access a new channel by limiting the scan-
ning phase to only a few randomly picked channel
|. INTRODUCTION instead of scanning the exhaustive list of all avail-
]qble channels. We see that the performance degrada-

The next generation of wireless systems will o ¢ h h . h db
fer to the mobile device the opportunity to choosg" Of such a scheme is more than compensated by
e speed to access the new channel.

a channel based on the conditions of the channel> > e .
Already some system are equipped with an antennd” this abstract, we will highlight the properties of

which can be tuned to different frequencies, or with€ Model which we consider, than state the main re-
the capability to switch the code they are using. sults, and present some numerical evaluation results.

One typical such system is that of 802.11 [1]: cur-
rent access points and 802.11 cards come with a Il. SYSTEM MODEL
choice of 11 channels to choose from. This is typ- We consider a system whei¢ nodes contend for
ically pre-set at configuration for the access point, $0 channel in a multi-access channel. We assume that
that the mobile node’s selection of the channel is dive system is time slotted, that is indexedtby |.
cided by the network manager at configuration timghe channel condition for each of th€ channel
3GPP2 [2] has been working on the standardiz@aries over time according to some stochastic process
tion of MC-CDMA, namely multi-carrier CDMA. with a correlation time such that the channel state is
More generally, OFDM (orthogonal frequency diviconstant over every time slot
sion multiplexing) allows a mobile node to choose We consider a switching cosfand a scanning de-
through a set of different frequencies for transmisay costc,;. We also consider a performance variable
sion. for the channel, for instance the available rate due to
An issue with the multi-access channel for mobil@ading conditions of the channel, or due to contention
devices equipped with a single antenna is the tinigr the channel. For the sake of simplicity, we con-
to switch to a different channel: this time involvesider the channel rate in the remainder of this doc-
a switching time to get to the new frequency, angiment. However, different performance metrics can
C. Westonal e N ina Technoloay Lab be substituted. We denote bythe available chan-
NGl e Wi the Neliorking Tecnelogy Labaraonhel rate. We assume that for any slothe channel
cedric.westphal@nokia.com performance- follows a probability distributionf,,
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which we assume to be independent from time slot IV. ANALYTICAL RESULTS
to time slot. In this section, we present the main results for both
the S and the BS policies.
[11. Two CHANNEL SELECTION POLICIES Theorem IV.1:The optimal value of: for the =S

policy is equal to 36 % ofV.

Proof: The proof is omitted, as it is a direct

consequence of the classical candidate interview

problem. ]

A. FES Theorem IV.2:The BtS selection algorithm en-
The first one is a variation of the classical "hirsures a reduction in the switching and scanning delay

ing problem.” The problem is stated as follows: onef k/N.

wishes to hire someone for a position, and intervievi&oof: This is an immediate consequence of the de-

the N candidates sequentially. Each interviepro- finition of the BkS selection algorithm. ]

duces an assessment of the candidate which accufo build some intuition as to the gain of the:8

rately predicts the performange of the candidate, policy, we consider the case where therates are

which is a random variable picked independentlistributed uniformly ovef0, R,,..]. Without loss of

from some identical distribution. At the end of thgenerality, we can set, .. = 1.

interview, a decision must be made to hire the candi-Theorem IV.3:The gain of B:S in this situation is

date, or to keep interviewing more candidates. Tiegual to

optimal algorithm to select the candidate is to inter-

view k candidates to calibrate the candidate pool, and ko

then hire the next candidat@amongst theV — k re- k+1

maining for whichp; > maz;—1... kp;- and for any fixed ratie = k/N, one can achieve a
In our multi-channel access, this means the mobile

device first scang channels amongst th¥ avail- gain for the B:S policy arbitrarily close to the opti-

able, and the keep on scanning unt'l. one channel roof: For independent and uniformly distributed
fers a better performance than thefirst ones. If

. - . random variableR; over [0,1] the BkS picks the
none does, unlike the hiring problem, the maximum _ . A
: . , maximum overk samples, which is distributed as
over all N is chosen. We denote this selection algo- % .
rithm as the First: Selection, ES k= max(fy, .., Ry). PUx < a] = 27, which
T y{elds thatE[Uy] = k/k + 1.

This algorithm reduces the scanning time, as i For the second statement of the theorem, it suffices
does not scan all the channel, unless none of t{1e

N — k remaining channels outperforms the fikst 0see thgt the opFlmaI average throughpuvjsv +
. ) . L which is sandwiched between 1 ahndk+1. Thus,
We will see in the next section the gain in terms o]T' ith bitrarily cl
reduction of the scanning time ask/k+1 convergesto 1, it becomes arbitrarily close
' to N/N + 1. m.
The previous results shows that one can be almost

B. BkS optimal, despite considering only a fraction of the

The second selection algorithm is a randomizéyailable channels. However, one need to consider
selection algorithm. The selection goes as followd:more realistic scenario as the uniformly distributed
the mobile device first picks channels out of they  rates we considered earlier. We now turn our focus
available channels randomly. It then scans the pé&p-Rayleigh distributed channel, as is traditionally as-
formance of thesé channels and eventually settle§umed in the literature.

We present two selection algorithms for multi
channel selection.

(1)

for the one with the better performance. Definition IV.1: Definea(k) to be equal to:
The performance of the selection algorithm de-
pends on the value of and N. However, we will 1
show that for Rayleigh fading channel, one can pick a(k) =38~ (2)

k small enough yet attain a performance close from !

the optimal pick. We denote this selection algorithm Theorem 1V.4:In Rayleigh fading channels, the
as the Besk Selection, BS. BiS algorithm attains an average throughput gain
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a(k) over the mean channel throughput. The gain For epochr
Is asymptotically equal to that of the optimal channel Scan channel 1 for ratg.
a(N) if the ratiok /N is kept constant. While r; < R;

This theorem states that if we set the ratio of the
probed channel numbér over the total number of

Repeat: Scan channelfor rater;
Go to channel + 1

channelsN to a constant, say 1/2, then the time to End while
find the best channel is divided in half with asymp- If r; > R;
totically no loss on the throughput. Rs = (1 — B)Rs + fBr;
Proof: The normalized gain achieved by selecting Else
the best of: channel in Rayleigh fading environment Rs = d max(r;)
is given by: End If
1 1 TABLE |
a(k) =1+ 2 Tt k (3) SELECTION ALGORITHM

A proof of this can be found for instance in [4],
equation (9). Asa(k) is asymptotically equal to
In(k), if k = eN, then the gaim(N) is also as- gain over the mean af(k), settingd = a(k) would
ymptotically equal tdn(k). Thus B:S achieves the vie|q 4 petter performance thankB and reduce the
same gain as the policy which picks the optimal,ber of scanned channels even more.

channel. . We denote this policy theéTS for o threshold se-

lection.
A. Improvement of ES

We return now to the ES policy. Recall that it
scanned through the firgt channel to establish a V. PERFORMANCEEVALUATION
benchmark and assess a raw statistics of the channethe trade-off in selecting the channel is between

Based on the information gathered during the scafre eventual performance of the channel versus the
ning of the firstk channels, it then picked a channedielay to switch and scan the different channels. We
subsequently scanned. conduct simulations of the performance gain as well

While this allowed to reduce the number Ofs the delay in the case of an 11 channel 802.11 sys-
scanned channels (we will see in the next section thag,.

it requires to scan only three quarters of the channels
on average), it is possible to reduce the training se-
quence as follows: A. FkS
The node scans the channels as kb'6. Define  we first consider the S selection algorithm. In

the threshold rateR; to be at the first iteraﬂoné figure 1 we d|sp|ay the rate achieved by theSFal-
times the maximal rate observed so far, wheéfie gorithm. The optimal rate is the curve consistently
a fixed number between 0 and 1. at the top of the graph. The:B selection algorithm
During the next scanning epoch instead of gchieves a rate which is on average 94.5% of the opti-
bench-marking against the firstrate, the node picks mga| rate. However, the mean cost is reduced further,
the first channel which offers a rate greater thgfh(is equal to 74% of the scanning cost for the opti-

Rs. If no channel does, then it picks the larger rai@al case. For 11 channels, the optirha$ equal to
Riu0:(7), and reset the value dt; to bed R, (7). 4 by Theorem IV.1.

If a channel is allocated, then the threshold is up-
dated using a sliding window moving average. The
new threshold is thus, wheids the chosen channelB. BkS

andr; the rate on the channel during the epach In Figure 2 we present the rate achieved by the
BES policy for two values ok: 2 and 3. The three
= (1— : 4 . :
Rs = (1= B)Rs+ fr: 4) curves on Figure 2 are by construction: the lowest
Since we have seen that in average, the firstone is the Best of 2 Selection, the middle one is the
channels of a Rayleigh channel system will haveBest of 3, and the top one is the optimal selection.
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Achieved Rate Comparison for Improved FkS vs. Optimal
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Fig. 1. Achieved Rate for Optimal Rate Selection and FkS policy Fig. 3. Achieved Rate for Optimal Rate Selection, ai& policies

We see that the B2S achieves 77% of the optim@tS. In terms of actual throughput, which we plotted
throughput, yet requires only 18% of the delay. This figure 3, the achieved throughput is equal to 95%
means that a reduction of 82% in the channel selaxf-the optimal, that is the loss in throughput is very
tion cost still achieves a reduction of only 23% in themall, especially compared to the gain in delay to
achieved rates. For the B3S policy, the achieved ratequire the channel.
is on average 84% of the optimal, yet the channelWe plot in figure 4 the achieved rate &fS com-
acquisition cost in only 27% of the optimal channgdared with the optimal achievable rate for different
selection. values ofd varying between 0.75 and 1. One can see

that the achieved throughput increases with the value

45 of §, at the expense of a longer acquisition delay. The

ar h ] corresponding acquisition delay increases from 41%

to 55% of an exhaustive search, that is a reduction

by a factor 2. Meanwhile, the achieved throughput
stays between 89% of the maximal bk 3/4 and

|
"\ "\/"(W | A 94% of the maximal achievable rate o= 1. In the
\;‘w‘

Achieved Throughput for Different Selection Policies
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| || worst case, the reduction of throughput with respect

i
Wi . .
| \“3 '\/J to the maximum is only 11%.

OD 2‘0 4‘0 éO éO 100 VI. CONCLUSION

Time Slots
In this paper, we have considered different poli-
Fig_. 2 Achieved Rate for Optimal Rate Selection, and B3S and B3§es for a Sing]e radio System which Speed up the
policies time required to scan the channel to find a chan-
nel with satisfying performance. We have intro-
duced three different policies which offer different
C. 0TS throughput/delay characteristics, but all significantly
We chose some heuristical value for the differemnprove in terms of delay vs. an exhaustive pol-
parameters. To achieve good performance in teriog, while suffering only a limited degradation in
of throughput,y should be high enough. In the perthroughput compared with the maximum achievable
formance evaluation, we arbitrarily pick = 0.9, throughput.
a value which gives us good performance. To in- We have derived some analytical properties of the
sure that the threshold stays reactive to the rate vasalection policies and have assessed the performance
tions, we chose the parameter of the moving averagfeall the policies through some numerical evalua-
6 =0.2. tion.
In terms of scanning delay, the'S policy scans  Further research would involve implementing the
only 53% of the channels, a further reduction oveselection algorithm in an actual single radio system,
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Fig. 4. Achieved Rate And Delay foiT S policies for different values
of 4 vs. Optimal

such as an 802.11 card able to connect via multiple
access points on different channels.
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