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Abstract—In this paper, we present an enhanced adaptive of interferences, namely frequency-static (FS) and fraque
frequency hopping (EAFH) mechanism for improving the per- dynamic (FD) interference, which could cause packet losses

formance of frequency hopping-based wireless personal a@e q; i ; ;

networks (WPANSs) under frequency-static and frequency-dynamic tShlnC_e ta }NI Fi Sys_ter_z ratrely char:jg%s its op_(ertat(ljng\:jlvt_:fllzgnn(alls,
interference. The proposed mechanism monitors the overall € Inter erenp_e InCidents cause y COexis e_ - on.y
packet error rate (PER) of the system to determine the right OCCUr at specific subset of channels, and have high cooelati

number of channels to be excluded from the hopset. Then in time. Such kind of interference is thus referred as FS
based on the PER of individual channel, it decides whether interference. On the other hand, FD interference normally
to exclude a certain channel or not. Finally, proper packet ,mag from other collocated BT piconets. Because of the FH
length is associated with those channels remaining in the lpset. . o . .

These decisions, which pertain to hopset size and packet Igth, nature, these mterference_ incidents have little coricriain

are made so as to optimize the performance of the hopping time or frequency. The FD interference is also referred ls se
system in a coexistence environment. We developed an anatgl  interference among piconets. The objective of this worlois t
model to justify the behavior and performance of the proposd develop an enhanced frequency hopping mechanism to reduce
mechanism. Simulations are conducted under an environmentf both FD interference and FS interference, thereby impgpvin

some collocated Bluetooth (BT)piconets and a Wi-Fi network to the th hout f f BT i " I th
validate the developed model and show the superiority of EAR. € throughput periormance o piconets as well as other

Simulation results show that, compared with those existingnech-  collocated wireless networks.
anisms including orthogonal hopset-based mechanisms, EAF Besides fragmentation used in [1], hopping set (hopset) ma-

could provide much higher throughput while still maintaining nipulation is an alternative approach to reduce the interfee.
reasonably good channel occupancy. The channels in the hopset are the channels that the device ma
hop on. Intuitively, we may shrink the hopset by excluding
channels that are likely to suffer high FD or FS interference
Bluetooth (BT) technology has been adopted in most of tliéowever, over shrinking the hopset may violate the regomati
hand-held or mobile devices to replace wired connection of FCC [2] on FH and the spirit of UB. For example, if there is
peripherals, and has been a representative technologyrax Wa low power UB devicee.g.a 802.15.4 device, operates in the
less Personal Area Networks (WPANS). To reduce interferengroximity of a BT piconet, the low power device is not able to
between piconets, within a piconet, BT devices communicatgerfere the BT transmission, and thus a BT simply can not
with each other via a designated device, called mastergusimotice the coexistence. When the BT piconet shrinks its éipps
frequency hopping spread spectrum (FHSS) mechanism oitewill increase the occupancy of those channels remaining i
79 channels in the 2.4 GHz unlicensed band (UB). Meanwhillae hopset. If unfortunately the low power device operates o
there are also other types of wireless deviaeg, Wi-Fi or those channels with increased occupancy, it will sufferenor
802.15.4, that operate in the UB. Coexistence betweenrdiffnterference. This fact reveals the necessityetifuette rules
ent types of wireless devices that operate in the UB is thtssbound the hopset shrinkage of a frequency hopping system,
essential. In addition to the noise, there are two othergypsuch as BT, that has no carrier sensing capability.

I. INTRODUCTION



The rest of this paper is organized as follows. Relatexverall PER, denoted aBE R, but also the individual PER of
previous work is reviewed in Sec. Il. The proposed EAFdach channel, denoted ps-(m) for channelm. PER sheds
mechanism, which could control both packet length and hopsesights on the number of collocated piconets, denoted as N,
size, is described in Sec. lll. The performance of the predoswhich will be the upper bound of the number of channels to be
EAFH mechanism is analyzed in Sec. IV. Computer sim@xcluded from the hopset. The upper bound of the number of
lation is conducted and reported in Sec. V to demonstratkannels to be assigned to use multiple-slot packets is also
the superior performance of the EAFH mechanism. Finallgetermined in a similar fashion. Besides the upper bound

concluding remarks are drawn in Sec. VI. determined by the number of collocated piconets, we also
limit the maximum hopset shrinkage not to excedd; of
Il. REVIEW OF PREVIOUS WORK the total channels,e. Vi € N, |C;| < 39. Within these caps,

The problem of coexistence and mutual interference bére decision of EAFH is made on a per channel basis. The
tween BT and Wi-Fi has been explored in [3] and [4]. Imletails of how does the proposed EAFH mechanism assign
addition, non-collaborative mechanisms have been deedloghannels to different groups to mitigate FD and FS interfege
to enhance the interference mitigation capability of BTe3é& is described below.
solutions include adaptive frequency hopping (AFH) [5], [6
Bluetooth interference aware scheduling (BIAS) [7], anthda
overlap avoidance (D-OLA) [8]. These mechanisms contm@l th
hopset to avoid frequency overlapping with coexisted destic
The basic idea is to distinguish good channels from bad ones
(in term of PER) and then let the hopping sequence stay on
good channels more frequently than on bad ones.

Because of the unpredictable and ephemeral nature of FD
interference, a different approach is taken to solve thé-ro
lem. The essence of existing solutions is orthogonal hopset
adaptation. Theoretically speaking, orthogonal hopséie/sa
us to eliminate the self-interference completely. Howgver
the advantages are at the price of raising occupancy due to
the smaller hopset size. The orthogonal hop set partitgpnin
(OHSP) [9] predefines five hopsets within the original hopset
of BT. Each piconet randomly chooses one of the five hopsets
without using a procedure for adaptive hopset selectiom. ou
its small number of orthogonal hopsets, it can serve onlfllsma *
number of collocated piconets that is free from interfeeenc
The frequency rolling (FR) scheme [10] adopts adaptive bps
selection and it can thus serve a larger number of collocated
piconets. However, it does not inherently posses the ahdit
deal with FS interference. The dynamic adaptive frequency
hopping (DAFH) method [11] can handle both kinds of
interference simultaneously. When experiencing high pack
loss, it subdivides the current hopset into two subsets oéleq Even though we shrink the hopset by less than half of the
size and chooses the one with less interfereneg\yith lower original hopset size, there may still be serious consecggnc
PER) as its new hopset. The partition could be up to 16 substsis other UB devices, especially the low power systems.
with 5 channels in each subset. There is also a proced&iéquette rules are required to alleviate such a problemileVh
to double up the hopset periodically to reverse unnecess8ifferent UB systems have their own specific implementation
shrinkage. However, the over-shrunk DAFH hopset may restft serve their own purpose, they, together, must keep the fai

in uneven frequency occupancy (see Fig_ 1(b)) and calfé'ﬁ:lring of UB regardless of the radio power. In general,ét is
unwanted disturbance to other devices. challenging job to develop etiquette rules to achieve cetepl
fairness.
Since the original FH mechanism tends to distribute the
In EAFH, the channels are classified into three groups. Leaffic to each channel evenly, a justifiable etiquette rae f
A be the group of channels using multiple-slot packe?s, the optimization would be exactly the same. Thus, the aeerag
be the group of channels using single-slot packet, @ilde occupancy (or aggregated activity level) of each individua
the group of excluded channels. The size of these grougsannel with any optimization should be as close to the occu-
are denoted as$A|, |B|, and |C|, and they add up to the pancy of original FH mechanism as possible. In other words,
total channel number, denoted &5. The EAFH mechanism the coexistence mechanism of any adaptive FH algorithms
is triggered by PER. Each piconet monitors not only thehould try to preserve the average occupancy as much as they

o Mechanism to mitigate FD interference

When a piconet recognizes that the interference comes
from other collocated piconets, it triggers the adaptation
of hopset size and packet length. Among all channels,
EAFH assignsN channels to groupd (JA| = N). At

the same time, it deactivat@v channels from hopset to
groupC (|C| = 2N). The rest of the channels remain in
group B (|B] = M — 3N).

After initial assignment, EAFH keeps supervising the
per of each channel. When a channel in grodphas
per much higher tharPE R, EAFH will swap it with a
channel with lowemper in groupC or B. Swap between
group B and C is also possible. This channel swap
process can correct the possible misalignment by the
initial assignment and periodically updates the member
of each group with latest observation.

Mechanism to mitigate FS interference

When a piconet senses that some channels constantly
suffer severe interferenciee. per > 0.5, it will recognize
that there is a FS interferer nearby and temporarily re-
move those channels from its hopset for a longer duration
T. Let’s denote these channels as grdifp a subgroup

of C. Channels in this subgroup are also excluded from
the regular channel swap process.

I1l. PROPOSEDEAFH PrROTOCOL



can. the same size of the three groups, we argue that fraction of
Fig. 1 illustrates the patterns of occupancy distributigaro piconets in different group in a channel equals to the foecti
allocated channels of different mechanisms. In the figuref channels in different group of a piconet. Letbe the ratio
piconetr; is always fully loaded, and thus the activity (trafficof % On a given channel, we would observe that among
load, shown by grey ared); always equals to one. Fig. 1(a)the N piconets,u|A| piconets assign this channel to group
shows the occupancy distribution of piconets under legaty FA, 1| B| piconets assign this channel to groBpand the rest
mechanism. The activity of all piconets is evenly distrézlit of piconets exclude this channel from their hopset. Based on
to each channel. Thus, the occupancy is the same acrosghai observation, we start to find various probabilitied
channels. The average occupancy mf at any channel is influence the throughput.
% = ﬁ Fig. 1(b) illustrates the occupancy of mechanisms, For a time slot in channeln, the chance that there is a
e.g.DAFH [11], that distribute collocated piconets to diffetentransmission is denoted &%,.(m), which is the probability
orthogonal hopsets. Each shrank hopset is occupied by dhat at least one of thé&/ piconets intend to transmit in this
piconet exclusively. Since the activity of piconets is @iffnt channel using a single- or multiple-slot packet.
from one another, the occupancy of different orthogonabkop

varies as well. The occupancy of EAFH is shown in Fig. 1(c). ulA| | B
Although the occupancy of each channel does not equal to thep,,.(m) = 1 — H (1 — Gipi(m)) H (1-G;p;j(m)) (1)
average occupancy, it is closer to the average than ortlagon i=1 j=1 '

hopset m.echa.nisms in general. This is because a .piconet IR the time slot is not idle, it could be occupied by one or
.EAFH adjusts its occupancy on any channel according to tﬁ?ore piconets using single- or multiple-slot packets. We ar
interference level. As a result, even when some channels Mrested inP/A(m), which is the probability that at least one

exclusively occupied by a single piconet, while other cteisin rE)iconet using multiple-slot packets transmit at the tinu. sl
are shared by several piconets, the occupancy of each dhanne

is still not far away from the average. ulA|
Pit(m) =1~ [[ (1 - Gipi(m)) (2)
i=1
The successful rate of a transmission using single-slot
packet, P2 (m), is the chance that only one piconet using
fffffffffffffffffffffffffffffffffffffffffffffffff single-slot packet transmits at the time slot, while allesth
N piconets are idle.

Occupancy

N/M

it

1 M Cha:mel M/N > > pl Al u|B|
(a) (b) © PEm) = @ =Gipi(m) x> {Gip;j(m)
i=1 j=1
Fig. 1. lllustration of channel occupancy of different maatsms. (a) Fre- u|B|
quency hopping, (b) orthogonal hopset and (c) enhancedtiaeldpequency 1—Gip 3
hopping mechanism. H ( kpk(m))} ( )
k=1,k#j
Also, the successful rate of transmission using multijie-s
IV. THEORETICAL ANALYSIS packets,PA(m), is the probability that only one piconet using

In this section, we developed an analytical model to analygltiple time slot packet transmits at the time slot, while a
the throughput and occupancy of our algorithm. Aétbe the other collocated piconets are idle for the whole transmissi
total channel number and¥ be the number of piconets. WeP€riod, which is 3 time slots in our study.

user; to denote theé'” piconet, wheré = 1,2,--- , N, andm
to denote the channel inde&,; represents the traffic load (or ul Bl Al
activity) of piconetr;. j;(m) represents the probability that ~ PJ'(m) = H (1= Gipi(m))® x Z{Gjﬁj (m)
piconetr; selects channeh. This probability is normalized i=1 j=1
by packet length. ulAl| ,

1 — Gipr(m 4
A. Throughput Analysis ,C_H#( #Pe(m))’} )

Under EAFH, a piconet distributes more activity to channels For BT devices, the failed transmission still takes the same
with lower utilization, less activity to those already hav@mount of time as the successful transmission. Finally, the
high utilization, and zero activity to channels experi@gci throughput of channet: is the time fraction that dedicates to
eXtremer hlgh utilization to Uph0|d the etiquette rulehu'ﬁ, the pay|oad during a transmission.
the aggregated occupancy of all collocated piconets in each
channel is expected to be close to the average with small
variation. Since all collocated piconets are expected tee ha

PAT + PPT]
O(m) = =5 - , (5)
Ptr (3T510t) + (PtT - Ptr)Tslot




WhereTZ;“ and TPB are the transmission time of the payloadould be found in the IEEE 802.15 standard [12]. We define
for 3-slot and 1-slot packets respectively;,, is the duration the throughput as the time fraction that dedicates to mean-
of a BT time slot. ingful payload during a transmission. The channel occupanc
Eq. 5 expresses the throughput of a certain channel, whichssdefined as the maximum total activity among allocated
also the overall throughput of collocated piconets, sintgen channels. We first picked the utilization level that is maxim
EAFH, utilization becomes the same in all channels. Foramong all channels periodically. Then, the channel ocooypan
specific piconetr;, the throughpué; is the inner produgb,-© is calculated as an average of these maximal values obtained
where® is the vector presentation of the throughput. throughout the simulation.
. To put things in perspective, in addition to EAFH, we
B. Occupancy Analysis . - .
) also simulated several other existing mechanisms. Theecurv
The frequency occupancy, denoted3sdescribes the max- of simple FH mechanism is given to serve as a basis for

imum aggregated activity level across the allocated fraque performance comparison. Adaptive FH mechanism is simu-
which is proportional to the maximum interference that gyed under FS interference environment to show its caipabil

device can cause in the worst case scenario. of offsetting the Wi-Fi interference. We also simulated an
N orthogonal hopset (OH) mechanism. In this OH mechanism,
O — max{z Gipi(m)}. (6) the allocated_ channels are partitioned into _at most_5 ochaly
meM — subsets. While the number of collocated piconets is notigrea

For example. the frequency occupancy of a device usilt]han the upper bound, except the overhead for piconets to
ple. q y pancy sa/itch to the unoccupied subset, piconets using OH mecha-

Orfgﬁggzigggjie%?ghgmzﬂ ;gnljjlg'tc?(:\zigﬁl distributed th%ism are free from FD interference within their orthogonal
' y subsets. However, once the number of collocated piconets

activity to all channels, its occupancy could be expressed a :
y pancy P exceeds the upper bound, more than one piconet may be found

0 Zf.vzl G in an orthogonal subset. Then, those subsets with multiple
EAFH ™~ =y " (7) piconets are no longer free from the FD interference.
As to the DAFH, the occupancy could be expressed as e of ot e Throse
umber of Piconets vs. roughpu
v 2Mog2 N1 (max;c n{ G 0% ‘ ‘ ‘ ‘ ‘
Oparn = maxien{} = (masien{Gi})
i M 0.58} B s S 1
N (max;en{Gi}) - TRl

=}
o
J

~ . 8 " 1
By Eq.; and Eq.8, we show that EAFH has higher OCCU- R

pancy than orthogonal hopset mechanisms, except when all
piconets have the sam@;. Regardless of the number of

Throughput
o
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[

o
o
a
T
)

orthogonal subsets, by definition, the frequency occupancy u
of orthogonal hopset mechanisms equals to the highest oc- 05af |~ ~EAFHeorectical UU
cupancy among the subsets which represents the worst inter- oo e
ference scenario. On the other hand, EAFH tends to have close sy
to average occupancy on all channels. Thus, EAFH is more Number of piconets
coexistence friendly than orthogonal hopset mechanisms.
Fig. 2. lllustration of throughput vs. number of piconetsden frequency
V. SIMULATION RESULTS dynamic interference.

To corroborate the superiority of our proposed EAFH mech-
anism, simulations under FD and FS interference envirohnmenFig. 2 shows the throughput versus the number of collocated
are conducted. The setup of our simulation is to allocatepéconets under the environment with only FD interferendes T
certain number of piconets at a hotspetg airport lounge, performance of original FH mechanism is severely degraded
conference roongtc) with or without an FS interferer. Within as the number of collocated piconets increases. The ontabgo
this hopset setup, interference is always mutually desteic hopset mechanism has better performance than FH. The degra-

For each simulation, we first assigned the number of plation was postponed until the number of piconets reaches
conets, then their activity levels are randomly chosen frof which is the number of orthogonal subsets. The hopset
a uniform distribution in the interval 0f0.0,1.0]. Then, adaptation to create partially orthogonal hopset along ttiée
the simulation runs one time slot per time until it reachesdoption of efficient multiple-slot packets transmissidveg
1,000,000([slots] or around 10 minutes for a single trial arlAFH the edge over other mechanisms. The theoretical curve
each plotted value is the average of 30 trials. reveals the superior performance of EAFH. The performance

For the single-slot and multiple-slot transmissions, we ugain of EAFH is the result of using efficient multi-slot patke
DH1 and DH3 packets respectively. The detail structumn channels with small FD interference. The gap between
of these Asynchronous Connection-Less (ACL) link packetkeoretical and simulated results is due to the overhead of



continual channel swaps before reaching the optimal alegrim ference environment. For FS interference, a Wi-Fi network
among piconets. which occupies exactly 22 channels is used to generate FS
interference. The activity levet;, of the Wi-Fi network is set

to 0.7. By adaptive channel turn-off technique, AFH signifi-
cantly improves the performance over simple FH mechanism.
The orthogonal hopset mechanism inherits the channel turn-
off technique and also improves the FD interference among
i remaining channels through orthogonal hopset partit@nin
Thus, it outperforms AFH even when only 4 orthogonal sub-
sets remain, since one of them is occupied by collocated Wi-
Fi. EAFH also adopts the powerful channel turn-off techeiqu
and further improves the coexistence ability of BT devices.

Number of Piconets vs. Occupancy
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VI. CONCLUSION

L T S e T An enhanced dynamic frequency hopping (EAFH) mech-
Number of piconets anism was proposed in this work. EAFH could manipulate
hopset size and packet length simultaneously to enhance the
coexistence ability of BT devices. An analytical model was
developed to predict its performance. The model also redeal
, ) the potential of EAFH, which is to increase throughput (or
Fig. 3 shows the relation between frequency occupancy agderease PER) while still maintaining fair occupancy a&ros
the number of collocated piconets. Under the environmetiit Wine 5j10cated frequency channels. Computer simulation was
only FD interference, three mechanisms, namely EAFH, Fidonqycted to demonstrate the superior performance of EAFH

and OH, are simulated. FH has the best occupancy perfgier frequency-dynamic (FD) and frequency-static (FS) in
mance because it uses all the available channels. EAFH S ance.

designed to improve throughput while following the etidaet
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