Supporting Demanding Wireless Applications with Frequeng-agile Radios

Lei Yang, Wei Hol, Lili Cao, Ben Y. Zhao, Haitao Zheng
Department of Computer Science, University of Califor8anta Barbara
TDepartment of Electronic Engineering, Tsinghua Universit
{leiyang, lilicao, ravenben, htzheh@cs.ucsb.edu, hou-wO5@mails.tsinghua.edu.cn

Abstract — With the advent of new FCC policies on gested. We can take advantage of the opportunity to re-
spectrum allocation for next generation wireless devicesgesign access mechanisms to support a broader range of
we have a rare opportunity to redesign spectrum accessireless applications. For example, current wireless ac-
protocols to support demanding, latency-sensitive applicess mechanisms are designed for best effort traffic, and
cations such as high-def media streaming in home netgenerally rely on spectrum contention as used in CSMA
works. Given their low tolerance for traffic delays and protocols and their variants. The network partitions spec-
disruptions, these applications are ill-suited for tradi-trum into fixed channels, lets each transmission choose a
tional, contention-based CSMA protocols. channel and contend in time with its peers. While this
In this paper, we explore an alternative approach teapproach works quite well for file transfers and interac-
spectrum access that relies on frequency-agile radios ttive applications, past work shows that supporting appli-
perform interference-free transmission across orthogonaations with real-time requirements requires additional
frequencies. We describkllo, a MAC overlay where modifications that incur significant overheads [25, 27].

devices sense and occupy unused spectrum without cen- | this paper, we reconsider the design of spectrum ac-

tral coordination or dedicated radio for control. We cess mechanisms in dynamic spectrum networks to sup-

show that over timespectrum fragmentatiocan signif- port applications within more restrictive traffic classes.
icantly reduce usable spectrum in the system. Jello a Specifically, we consider supporting applications with

dresses this using two c_omplementf_;lrytech_mquahn_e strong quality of service requirements such as high-
spectrum defragmentatiowhere active devices period- jefinition multimedia flows in media rich environments

ically migrate spectrum usage, andn-contiguous ac- |ixe the home. Traffic demands for these flows can vary
cesswhich allows a single flow to utilize multiple spec- significantly over time, but can generally be predicted

trum fragments. Our prototype on an 8-node GNU radiogpeaqd of time. Unlike best-effort traffic applications,

testbed Sh(_)WS that Jell_o significan_t!y re_zduces_ Spectiufhese multimedia flows require dedicated spectrum ac-
fragmentation and provides high utilization while adapt-.eqs to minimize disruptions to their transmissions and

ing to client flows’ changing traffic demands. to maintain the expected quality of user experience.

We make two observations that make existing
1 Introduction contention-based systems unsuitable for these applica-
tions. Firstper-packet contentioproduces frequent and
The future is bright for next-generation wireless devices.unpredictable transmission disruptions, which would in-
While current technologies are limited to operating interfere with our desired traffic delivery constraints. In
fixed ranges of increasingly congested spectrum, reformsontrast, if multiple transmissions were allocated iso-
in spectrum management policy promise to free up spedated frequencies, each flow would obtain necessary ded-
trum in the near future. The Federal Communicationscated spectrum, while avoiding costly interference that
Commission (FCC) has auctioned recently vacated wiretraditionally leads to contention and communication de-
less spectrum to service providers [9]. To further de-lays [18]. Second, splitting spectrum irfized channel
mocratize the use of this spectrum, online spectrum tradpartitionsis also unattractive for applications with time-
ing services such as SpecEXww.spectrumbridge.com varying bandwidth demands. Fixed partitions prevent
now allow small service providers to purchase/rent specflows from using or releasing available spectrum as nec-
trum directly from regional owners. essary, and would lead to inefficient spectrum usage [8].
Unlike unlicensed bands used by current wireless dein this respect, new hardware in the formfafquency-
vices, these new spectrum ranges are large and uncoagile radioscan be extremely useful. With these radios, a



tice, and leads to significant performance degradation
Flow 1 even for networks with very few parallel transmissions.
We propose two distinct, but complementary mech-

% anisms to address this fundamental probleomline
% Flow 2 spectrum defragmentaticat the spectrum access layer,
. and noncontiguous frequency acceas the physical
_ w3 layer. With online spectrum defragmentation, each pair
of communicating devices voluntarily defragment spec-
Time > trum by moving to alternative frequencies, thereby opti-

mizing spectrum availability for other sessions. These
%requency moves occur periodically in a session or
as flows adapt to changing spectrum demands. They
are nearly instantaneous and transparent to neighbor-
ing flows. Given our emphasis on minimizing disrup-
tions, however, this technique cannot completely re-
device examines locally available spectrum before eacimove spectrum fragmentation. As a complementary
network connection, and directs its radio to operate ormechanism, we offer non-contiguous frequency access,
a frequency range that not only matches its traffic dewhere a radio can utilize multiple spectrum ranges in
mands, but also lies orthogonal to existing transmissionsa single transmission. This provides support for high-
In addition, devices can grab and release spectrum dsandwidth transmissions even in the presence of moder-
necessary without being confined by fixed partitions.  ate levels of spectrum fragmentation. Our approach im-
Motivated by these observations, we propose a nevplements non-contiguous frequency access using a “dis-
distributed access technique that lets flows access spetributed OFDMA’ mechanism, which differs from prior
trum in the frequency domain and adapt their spectrunapproaches like SWIFT [24] that rely on CSMA to share
usage based on traffic demands (shown in Figure 1)spectrum among frequency-agile radios.
We refer to this new access technique as “per-session These two techniques work best in unison. Non-
FDMA,” where each session refers to a single contin-contiguous frequency access requires “frequency guard
uous flow, and build a basic framework where traffic bands” between allocated frequency boundaries to elimi-
flows can independently select and adapt their frequencyate cross frequency interference, similar to guard bands
usage. First, by detecting “edges” on observed powebetween WiFi channels. Since they are not usable for
spectrum maps, each device can accurately and quicklygommunication, guard bands represent spectrum over-
identify free spectrum in its local area. Second, each dehead that increases as flows make use of more frag-
vice can select an available spectrum range based on iteented spectrum ranges. Online spectrum fragmenta-
present traffic demands, using classical algorithms suction, on the other hand, effectively suppresses the level
asbest fit worst fit andfirst fit [19]. Finally, we pro-  of fragmentation.

pose a distributed coordination procedure to synchronizel_he Jello Overlay Based on these two comple-

sender and receiver pairs in their spectrum usage. . : .
. mentary techniques, we design and implement Jello, a
Several recent proposals describe systems that adag,fA
[

Figure 1: Per-session FDMA: Simultaneous media session
work in parallel on isolated frequencies, avoiding costlyea
less interference while adapting frequency usage to vgryin
traffic demands.

) C overlay to support high-bandwidth real-time ap-
ggecfrut”r:_ usag(te btased on E?)n(_jl\(/jwdth d(:f_m_an?? [15,2 ications. Jello does not require centralized spectrum
. In this con ext, our work bullds an eftliclent frame- . i q)1ers or dedicated radios for control traffic, making
work that determines how device pairs sense and coord

te thei . ‘ o ; }f a low-cost and easily deployed solution. Jello radios
nate tNeiraccess in open spectrum ranges. DUr systemda e identify and occupy usable frequencies based on
MAC-agnostic: once devices obtain spectrum using ou

L traffic demands while minimizing spectrum fragmenta-
primitives, they can use any MAC. tion. Where low levels of fragmentation remain, devices
Spectrum Fragmentation. Efforts to evaluate our ba- accommodate high-bandwidth transmissions using non-
sic design reveal another fundamental challenge. Ovegontiguous frequency access. We deploy a prototype of
time, as individual transmissions enter and exit the netJello on a 8-node USRP GNU radio testbed, and evalu-
work or adjust their spectrum usage, available spectrunate the benefits of online spectrum defragmentation and
becomes increasingly divided into a collection of discretenon-contiguous frequency access, both individually and
fragments. This “spectrum fragmentation” means that dogether. Measurements show that Jello reduces disrup-
significant portion of spectrum, while free, is effectively tions to applications by as much as a factor of 8.
unusable because its fragments do not provide the mini- Our work makes three key contributions. First, we
mum contiguous spectrum range required by new flowsexplore spectrum access techniques for real-time wire-
Our experiments show that this artifact does exist in pracless applications with low tolerance for traffic disrup-



tions, and propose mechanisms for frequency-agile raavailable hardware includes the WARP [30], USRP [21],
dios to sense, occupy, and synchronize spectrum usagAirBlue [16] and SORA [28], with more expected in the
Second, we identify the spectrum fragmentation chalnext few years. With these radios, we can now consider
lenge, and propose two complementary solutions to maxper-session FDMAor Frequency Division Multiplex-
imize spectrum utilization. Finally, we implement and ing Access. In this approach, parallel sessions occupy
deploy a prototype of Jello, a complete MAC overlay en-orthogonal spectrum ranges, thus completely avoiding
compassing our techniques. We evaluate the effectivecross-flow interference. When a media session starts, the
ness of Jello mechanisms using both detailed measuréwo end-devices involved choose a free frequency block
ments of an 8-node GNU-radio testbed and simulatedo set up packet transmissions. As shown in Figure 1,
experiments. Jello provides interference-free access tflows can adapt their frequency usage over time as their
demanding applications while maximizing utilization of bandwidth demands vary, thus using time multiplexing to
available radio spectrum, and can be deployed on hardnake the best use of radio spectrum. Recent work [15]

ware available today. shows that adapting spectrum on demand leads to 75%
] improvement over 802.11b.
2 A Case for Per-session FDMA Our approach differs from the concept of adapting fre-

) ) ) quency bandwidth on conventional 802.11 devices [8],
The expected arrival of new wireless spectrum is an opypere 802.11 channels can change their width to 40,
portunity to redesign spectrum access protocols to supxg, 10 or 5SMHz by adjusting clock cycles. Our experi-
port a richer set of network applications. In particu- ments show that scaling up traffic to fixed channel widths
lar, available spectrum can be used to support “soft realgay reduce utilization up to 30% in our application
time” applicationsj.e. applications such as multimedia scenarios. In comparison, per-session FDMA operates
streaming that have very low tolerance for data l0ss, dezcross wider spectrum ranges at fine granularities to en-
lays and jitter. _ _sure high utilization, completely eliminates CSMA traf-
Given their strong demands on the underlying wire-fic contention. Furthermore, each link now can flexibly
less network, these applications do not perform well oncompine multiple spectrum ranges to form high band-
CSMA protocols that require parallel flows to perform yyigth transmission. The proposed per-session FDMA
per-packet contention. Recent experimental results show,p, work on any of the current frequency-agile radio de-
that such contention leads to unpredictable network degigns [2, 16,21, 24, 28, 30]. Since our approach operates
lays and disruptions [25, 27], ultimately resulting in vis- gjrectly on frequency bands, and uses frequency selec-
ible disruptions to the application-level user experiencetion to avoid access conflicts, we also differ from prior

Quality of Service extensions such as IEEE 802.11e cag,qrk [15] that uses pseudo-random spreading codes to
prioritize traffic, but does not prevent contention be‘implement random spectrum access.

tween multiple flows in the same traffic clagsg. video

streams in neighboring houses. An alternative for preChallenges. A practical per-session FDMA system
dictable traffic delivery is to employ Time Division Mul- for wide-spread deployment needs to support soft real-
tiplexing (TDM) to obtain a collision-free transmission time applications without relying on centralized spec-
schedule. However, this requires fine-grain network-trum controllers or costly dedicated radios for control

wide time synchronization and scheduling, which aretraffic. Such a system must address several key chal-
difficult to implement in practice. lenges. First, to avoid disrupting ongoing transmissions,

i ) i devices must be able to accurately and quickly iden-
Assur_npltlons. dQur folc_:us Is on supporting dehmanhd— tify free frequencies. Second, each transmission pair
ing wireless media applications. We assume that thesgeq s 1o select a free spectrum block based on their traf-

applications operate in a dedicated spectrum band, g€z jemand while minimizing spectrum fragmentation.
erate continuous traffic with time-varying load, and haveThey also must do so without disrupting other ongoing

strong quality of servic_e reguirements. In enViro,nmentstransmissions, and without the help of any control ra-
where they must co-exist with legacy systems using besty;, - gimjjarly when a transmission pair needs to change
effortbtrafflc,_ we %n\_nsmn that local \]:Vll’e_|eS|S SPeCtrum gequency usage to accommodate variations in traffic de-
can be partitioned into two ranges for isolation. Onep, 4 those cannot be handled by MAC rate adaptation),

range is dedicated to .Iegacy applications l_JSing 802,'1Jmey also need to make the process transparent to others.
CSMA, and the other is dedicated for media-streaming

applications running our proposed protocols.

Frequency-agile Radios. Recent hardware advances 3 Jello Framework

have produced “frequency-agile radios,” wireless radios

capable of operating across a wide range of frequencieso address these challenges, we propose Jello, a light-
and jumping between them in milliseconds. Currentlyweight MAC overlay system that realizes distributed per-



session FDMA. Jello radios sense, identify and occupy

usable frequencies to support time-varying traffic de- -10
mands and to avoid interfering with each other. Each 20|
Jello device has a single half-duplex frequency-agile ra- Ea
dio for wireless communication, and does not require any §§ 0T /
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3.1 Identifying Usable Spectrum

When accessing spectrum, Jello devices must avoid con-
flicting with other ongoing sessions. Jello achieves this
by performing spectrum sensing to quickly and accu-
rately identify usable spectrum ranges. Unlike the time-
domain sensing approach [4], Jello uses a frequency-
domain mechanism, benefiting from its radio hardware’s

frequency-agility. Unlike WiFi devices that sequentially Figure 2: A sample PSD map and its first-order derivative.
scan channels, a frequency-agile radio can listen to thgello identifies occupied frequency blocks using edge tietec
entire spectrum span, as demonstrated by several availvhile the absolute signal strength varies significantlyoasr
able radio platforms [24, 30]. Using the frequency- the frequency, the rising/falling edges are easier to detec
domain signal, each radio constructs a power spectral
density (PSD) map [13] that measures the energy level
on each small frequency range. noises in the PSD map before trying to locate edges. This
To |dent|fy usable frequency b|ock5, conventional ap_technique haS been SuffiCient in our experiments W|th0ut
proaches perform energy detection on the PSD map [101Sing sophisticated smoothing algorithms like [5].
For a given threshold.,.,,,, each radio treats fre-  Second, we apply search-based edge detection [14]
quency ranges with energy higher thgy,.,.,, as busy and measure the edge strength by the first-order deriva-
and the rest as unoccupied. The detection accuracy, hoive of the PSD map. LeP (k) represent the energy value
ever, is shown to be highly sensitive to the choice ofof a spectrum section with index and letP’ (k) repre-
Cenergy and finding a uniformly optimal'.,,..4, is un-  sent its first-order derivative. To decide whether edges
realistic [24]. Recent work proposes to cross-validate thére present, we choose a detection thresfiold.. If
detection result by “poking” transmissions on *busy” fre- P’(k) > I'eqge thenk has a rising edge and i#'(k) <
quency ranges and observing their reactions [24]. EachTeage thenk has a falling edge. A frequency block
poking event disrupts existing transmissions, forcinngth arising edge to its left and a falling edge to its right
them to move to other frequencies or change their trans's declared as busy and the rest as free.
mission parameters. Thus while this solution works for Compared to the energy detector, the edge-detection
transmissions that are highly resilient to frequent disrup based sensing is less dependent on the choice of detec-
tions, it would cause serious performance issues for théion threshold. As shown in Figure 2, while the absolute
media sessions our system targets. signal strength varies significantly over the frequency,
Sensing via Edge Detection. We exploit a unique the nsmg/fgllmg edges are easy to detect. This design
. o . . works well in OFDM-based systems where the PSD map
property of radio transmissions in the frequency domain
: S can capture frequency usage accurately and on-demand.
for accurate detection. To avoid interference to other’ . ' . .
o ; ) While other forms of interference such as wireless mi-
transmissions, OFDM based transmitters use filters to . : - .
L . - . crophones might not display the similar edges in the
limit the radio energy within certain frequency bands. As . :
. L PSD map, we can incorporate other mechanisms such
a result, the PSD profile of each transmission has clear . . .
) as feature detection based sensing for improved accu-
edges on the frequency band boundaries, regardless 0 .
2 . . racy [4,11]. In our target scenario, we focus on a homo-
energy levels (shown in Figure 2). We can reliably iden-

tify usable frequency blocks by identifying these edges. geneous ;ettmg with radios all using OFDMA and W"h'f‘
4 . a short distance, thus our proposed sensing mechanism
Our edge detection mechanism works as follows.

First, as a pre-processing step, we smooth the PSD mavr\gorks well.

by averaging it over multiple consecutive observationsCalibrating Sender/Receiver Sensing Results. Each

and applying two coarse power thresholds to filter outsender/receiver pair must synchronize their sensing re-
obvious frequency ranges. Frequency ranges with vergults to identify mutually available frequency ranges.
high power are treated as busy and very low power onebVhile the sender must pause its transmission to sense
as occupied. This pre-processing aims to filter out mosspectrum, the receiver senses while receiving at no extra
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cost. Therefore, the receiver constantly monitors spec- 0.6
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3.2 Choosing Frequency Blocks

After identifying mutually available frequency ranges, all:%igure 4: The impact of spectrum fragmentation with 4

sender/receiver pair needs to choose a frequency bloc : - ; ; :
P q y Streaming media sessions, using VBR video traces from the

to occupy. Such decisions usually occur when SESSIONRSY trace database [3]. We compare the basic Jello system

start. It can also happen during a session when traffigyith fragmentation) to an oracle system that eliminatds al
changes cannot be handled by MAC rate adaptation. Thgagments.

device pair determines the amount of frequency needed

based on estimated traffic demands and estimated MAC

transmission rates on available frequency ranges. Theyided into a collection of fragments (Figure 3(a)). This

can expand/shrink the current frequency usage, or movis because each radio must access spectrum contiguously,

to a different frequency block. The ultimate goal is to i-€. using a single frequency block. In this case, although

obtain desired spectrum while maximizing system-wide@ significant portion of spectrum remains unoccupied, it

usage efficiency. is effectively unusable because no individual fragment is
The frequency selection problem is analogous to thdarge enough for a new request. A similar fragmentation

online task scheduling problem [19]. Due to the unpre-Problem appears in disk and memory allocation [19]. In

dictable dynamics of spectrum demands, optimal soluthis section, we examine the severity and impact of spec-

tions are hard to find. Similar problems have also beerifum fragmentation, and propose two distinct but com-

studied extensively in the context of CPU, memory andPlementary techniques to minimize it. We provide high-

storage allocations. The most efficient known solutiong€vel descriptions of our proposed techniques and delay

apply heuristics-based algorithms [19], which have beerthe detailed implementation issues to Section 5.

shown to perform very well in most cases. In particular,

we consider the well-knowhest fitstrategy that selects 4,1 Impact of Spectrum Fragmentation

the smallest available frequency block that can accept . .

the current spectrum request, therst fitstrategy that 10 understand the severity and impact of spectrum frag-

uses the largest available block, and finst fit strategy mentation, we perfprm a detailed S|mula_t|0n using video

that uses the first large enough block. When no blockraces from an online database [3]. Using a number of

is large enough to satisfy a session’s demand, we choodEame traces of H.263 video sessions, we simulate a sce-

the largest block to accept the session partially. We foundario of multiple media sessions within close proximity.

in our experiments thatest fitoutperforms others. We measure the impact of spectrum fragmentation by
application disruption ratedefined as the percentage of

Propagation-aware frequency selection.  In SOme  ime 3 session cannot obtain enough spectrum to support
cases, radio propagation conditions differ significantly o of its present traffic demand.
across frequency rangeéss. due to channel fading. In- \ve compare two possible frequency access systems:
forrr_1at|on on recelyed signal _and interference strength, |f(1) an oracle system that rearranges sessions’ frequency
a_lvallable,_can be mtegra?ed into ._Jello’s frequency S‘?lecasage to defragment the spectrum completely; and (2) a
tion algor|th_rr.1 to sele<_:t hlgh-quallfty blocks that provide pasic Jello system where sessions “claim” their needed
better reliability and higher bandwidth [4,23]. In the cur- spectrum when they start, and do not change frequencies
rent Jello prototype, the propagation quality is flat acros§;njess their spectrum demands change.
the frequency span considered, thus the receivers use theFigure 4 plots the application disruption rate for 4 vari-
measured interference strength in their selection processp|q pit rate (VBR) video sessions far = 90%. On the
x-axis, we show the ratio of the total average traffic load
4 Suppressing Spectrum Fragmentation of all 4 videos to the spectrum capacity. Clearly, the ora-
cle system that fully defragments the spectrum performs
Efforts to evaluate our basic Jello design reveal anothesignificantly better when the 4 videos present a signifi-
fundamental challenge. Over time, as individual trans-cant portion of all available spectrum. To guarantee that
missions enter and exit the network or adjust their specthe disruption rate never rises above 3%, the basic sys-
trum usage, available spectrum becomes increasingly diem can only support traffic equal to 67% of the total
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Figure 3: Spectrum fragmentation and ways to mitigate its impact.Wagn sessions share spectrum by accessing contiguous
frequency, they can create spectrum fragments. (b) Af8s self defragmentation, the same spectrum can now suppang m
spectrum requests. (c) Session S4 uses two spectrum frégyfoea single transmission.

spectrum capacity, while the oracle system can suppottivo sessions simultaneously defragment and make con-
traffic up to 83% of the spectrum capacityrhisis asig-  flicting frequency adjustments.

nificant boost in allowed traffic volume, and underlines Focusing on minimizing disruptions to ongoing ses-
the significant impact that fragmentation has on systensions, Jello uses the following mechanisms to minimize

performance. defragmentation cost:
e Minimizing Sensing/Coordination Overheadlo
4.2 Online Spectrum Defragmentation minimize sensing overhead, Jello receivers constantly

monitor spectrum to identify possibly opportunities for
The above results motivate us to improve Jello's basicjefragmentation. They signal their senders to per-
design to suppress spectrum fragmentation. The first anbrm sensing only after identifying possible opportuni-
most direct solution is to perform online defragmenta-ties themselves. To minimize coordination delay, each
tion. A naive strawman version is to periodically per- sender/receiver pair uses their present frequency block
form global defragmentation where all sessions pausgo exchange handshakes and schedule frequency adjust-
their transmissions, rearrange their frequency usage s@ents. At initialization or during a unlikely event of
that unoccupied frequency blocks are merged into a larggyst synchronization or link failure, Jello devices enter
contiguous range. This, however, is infeasible in oura SYNC state to recover and resume communications.
problem context because we must minimize disruptions | Avoiding Defragmentation ConflictdMultiple de-

to ﬁmgomg tfrafflc fllogvsl.d Tfhere is also no central CoN-;icas can simultaneously detect a defragmentation op-
troller to perform global de ragrlnentat-|on_. portunity and make conflicting frequency adjustments.
Instead, we propose an online, distributed approachye | minimizes such conflicts by randomizing defrag-

to defragmentation: ongoing transmissions periodically,, antation efforts to avoid simultaneous adjustments.
consider moving to an alternative spectrum block using

thebest-fit algorithimto optimize overall spectrum avail- .
ability. Each sender/receiver pair periodically senses lo4-3 Non-contiguous Frequency Access

cal spectrum usage, and if possible,cc_)ordinatesto SWitCE)ur second solution is to enable radios to combine
o a frequenqy b_k_)Ck that better optl_mlzes the Overa”multiple spectrum pieces to form a single transmission.
spectrum ava|lab|I_|ty. For example_, Flgure_3(b) follows g ownin Figure 3(c)S, now combines frequency block
our earlier scenario where a sess@pterm[nates and 2 and 4 together in a single transmission as if it uses a
leaves a spectrum fragment. $ voluntarily moves single frequency block

t.o spectrum block 2-3, the new _rgqu_éstpan be ful- . Non-contiguous frequency access is now widely
filled and the overall spectrum utilization increases. Fi- used in centralized wireless networks such as WiMAX
nally, using spectrum sens_ing to i_de_zntify unoccupied fre'and cellular LTE systems. It is implemented in the
quency ranges, each device pair independently defragy, ., o Orthogonal Frequency-Division Multiple Ac-
ments spectrum without coordinating with other pairs. ¢ (OFDMA). Existing designs, however, require

Cost. The cost of our online defragmentation includesglobal synchronization, and fail when applied to dis-
(1) the sensing and coordination overhead spent by déributed networks without global synchronization. A key
vice pairs to identify unoccupied spectrum and rearrangeontribution of Jello is to identify and address the chal-
their frequency usage, and (2) possible conflicts wherenges of implementindistributed OFDMAand to pro-
totype our design on USRP GNU radios.

*The oracle cannot support 100% traffic load because the flmvs a S
VBR and the peak load occasionally exceeds the spectruncicapa Cost. To minimize interference, frequency guard bands



PHY MAC

Antenna I Link Sync Init?aliz‘afi011
or link failure
Adaptive |

Multiband | (Spectrum Sensing)—»CFrequency SelectiorD

Filter
| Need to defragment ]
1or change freq usage

must be placed at link boundaries [17]. Guard bands are
not usable for transmissions, and are essentially spec-
trum overhead. Frequency guard bands are not an ar-
tifact of non-contiguous frequency access: they are re-
quired for contiguous access including 802.11 channels
(which use 16% of frequency bandwidth as guard bands).
On the other hand, the amount of guard bands increases
when links start to use non-contiguous frequency blocks.

NC OFDM
TX/RX

Link Coordination

Control Packets

Figure 5:Jello system architecture.

4.4 The Case for a Unified Approach

. . . . Atthe MAC layer, Jello devices sense spectrum to iden-
With the above two solutions, we ask the questiols: tify usable frequency, and adapt their frequency usage

?nneen?;tlilcj)a??n sufficient enough to address spectrum frag\?Vhen the application demand changes or when an op-

) . ) ) ortunity to defragment appears. We now describe our
First, consider a scenario where only online spectru

o . . ) i .~ Implementation in detail.
defragmentation is available. While this technique im-
proves spectrum utilization overall, each sender-receive
pair is acting independently, and cannot disturb otheron5.1  Physical Layer

going transmissions. Therefore, only a limited level of _ , o
spectrum defragmentation is possible, and this techniqu8t the physical layer, Jello’s key contributionis to imple-

cannot achieve the same effectiveness as a global, SyIq]ent spectrum sensing and distributed frequency access,

chronized defragmentation approach. Thus a low levePOth contiguous and non-contiguous, on today’s com-
of fragmentation might remain. mon off-the-shelf hardware. Jello implements frequency

Next consider a network using noncontiguous fre-2CCESS using OFDMA, which partitions the spectrum

guency access, but no online defragmentation. While thisPan into many small _subcarriers. OFDMA ha§ been
technique allows devices to utilize spectrum fragmentdVidely used in centralized systems such as WIMAX,
as if they were a single contiguous fragment, it comegVhich divides a 20MHz frequency range into 2048 sub-

at the cost of multiple guard bands between link bound-ca'Ters of 10KHz each. Each sender can transmit on
aries. Without online defragmentation, spectrum frag-any subset of the subcarriers, either contiguously or non-

mentation will continue to degrade over time. SpectrumcontigL'OUS|Y aligned in frequgncy. Each rec_eiver can lis-
lost to guard bands will continue to increase, Ioweringten to theentire set of subcarriers at once. Simultaneous

overall spectrum utilization. transmissions can occur at different subcarriers without

Clearly, neither technique by itself can fully addressInterferlng with each other.

the challenge of spectrum fragmentation. Together they Implementing OFDMA on distributed networks, how-

form a more complete solution. Online defragmentation® <" 'S hard. Existing d_esgns n cen_trah_zed netvvo_rks
rely on global synchronization to maintain subcarrier

limits spectrum fragmentation to a low level, and non- . . .
contiguous access makes all of the spectrum ava"ablgrthogonallty,. so that tra}nsmlssmns on |soIat§d §ubcar-
without incurring significant overhead to guard bands. riers do not interfere with each o.ther. I',q d_|str|bu_ted
networks, where global synchronization is infeasible,
OFDMA transmissions fail. To understand the causes,
5 Implementing Jello we perform an experiment by configuring 4 links on dif-
ferent frequency subcarriers. Our results show that sig-

We have implemented Jello on USRP GNU Radios Nificant link failures occur. The failures are not caused
Despite having limited frequency bandwidth and largeby the inherent propagation impairments, but by the fol-
processing delays [12], USRP radios are widely availloWing two reasons:
able and fully reconfigurable across various protocol lay- (1) Unable to detect packet preambl& many cases,
ers. We use the USRP implementation as a “proofthe receivers cannot detect any preamble that marks the
of-concept” evaluation of Jello. We modified GNU ra- beginning of a packet. This is because OFDMA de-
dio software to implement spectrum sensing, distributedects preambles using a time-domain “delayed correla-
contiguous and noncontiguous frequency access, onlingon” property from a signal placed at the head of each
defragmentation, and sender/receiver coordination. packet [29]. Because preambles from multiple transmis-
Figure 5 presents a high-level structure of Jello. Atsions are no longer synchronized, the delayed correlation
the physical layer, each Jello device operates on nonproperty no longer holds in time-domain signals, pre-
contiguous frequency ranges using distributed OFDMA .venting any successful preamble detection.
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Figure 6: An example of Jello’s flexible distributed spentraccess, implemented on USRP GNU radios. Three
transmissions access and share radio spectrum in the freggdemain. Among them, link 3 operates on two non-
contiguous spectrum blocks to form a single transmission.

(2) Unable to decode data packétven after fixing the ing, it estimates the frequency offset from its sender and
preamble detection, significant losses still occur duringrefines the filter parameters.
pgck_et decoding. This. Is because Wh."e multiple trans'Restoring Reliable Packet Receptions. While the
MISsions qperate on dn‘f(_erent subc_arr@rs, theyllea.k ®Mise of receiver filters significantly improves preamble
ergy to adjacent subcarriers, creating inter-carrierrinte detection, packet losses can still occur due to out-of-
ference and destroying the subcarrier orthogonality at re; and emi’ssions among transmissions [17]. This work
ceivers. Compared to the preamble, packet data is muc?uI . '
P . P packet also shows that placing frequency guard bands between
more vulnerable to interference because it is sent fewer o A . .
error orotections transmission boundaries is the most effective solution.
-p ) ' ) ) ] To minimize these overheads, Jello devices directly mea-
minimize unwanted signals to restore the desired transyyoid using severely affected frequencies. This tech-
mission properties. With this concept in mind, we pro- pjque, combined with the adaptive filtering, allows Jello

pose two new mechanisms on top of the conventionajjeyices to correctly determine and minimize the usage of
OFDMA design to restore successful transmissions inyyard bands.

distributed networks. _ ) )
GNU Radio Implementation. We implement Jello’s

Restoring Preamble Detection.  To restore the de- distributed OFDMA at 2.38GHz on a spectrum band of
lay correlation property required for preamble detection, 500kHz. We use 256 subcarriers (or frequency sections),
we apply an adaptive filter at receivers to remove signalgach of size 1.953kHz. To carry adequate signals for
from unwanted subcarriers. To support non-contiguouseliable preamble detection, each transmission must use
frequency access, we use a multi-band filter bank. Giverat least 28 subcarriers, which can be non-contiguously
the knowledge of the subcarriers used by its transmitteraligned. We implement the receiver filter using trean-

the receiver first applies a low-pass filter to eliminate sig-ming windowapproach [22]. To compensate the fre-
nals outside of its lowest and highest indexed subcarriergjuency offset between sender and receiver, we initially
and then uses multiple band-stop filters to remove signalextend the filter by 5 subcarriers and then adjust its cen-
from other unwanted subcarriers within the range. Thistral frequency and width on-the-fly. We found in our ex-
design allows receivers to adapt filter ranges on-the-fly. periments that adding the receiver filter helps to reduce

Without global synchronization, devices also experi-the amount of guard bands. Overall, placing 2 subcarri-
ence frequency offset [13], defined as the frequency skew@r's at each link boundary is sufficient to protect all the
between devices’ central carrier frequency. The preslinks in our experiments.
ence of frequency offset could lead to errors in signal Figure 6 illustrates an example PSD map of a system
filtering. To suppress its impact between sender/receivewith three links. In this example, both link 1 and 2 oc-
pairs, Jello receivers dynamically adjust their carrier fr cupy a contiguous block while link 3 utilizes two blocks
quency and filter width based on the result of preamblesimultaneously to build a high bandwidth transmission.
detection. At initialization it starts from a loose filterdan Small guard bands were placed at link frequency bound-
gradually shrinks the filter to suppress interference. Ifaries to minimize cross-link interference.
the filter becomes too tight and fails to detect any pream- We implement the spectrum sensing directly over
ble in a period, the receiver expands the filter to captureOFDMA. Each device performs the Fast Fourier Trans-
more subcarriers. After each successful preamble decoderm (FFT) on collected frequency signals, and averages



the results ove60 OFDM symbol$ to produce a PSD ing available blocks; then useest-fitto choose the final
map. It computes the first-order derivative and uses @lock. This approach minimizes the number of blocks
threshold of’.44. =50dB to locate edges. We chose theserequired for the session.

parameters because they work well in our experlments.AvOioling Conflicts.  When an opportunity to defrag-

ment spectrum appears, multiple device pairs could react
5.2 Access Layer simultaneously, thus leading to frequency adjustments

that conflict. To minimize these conflicts, we incorporate
At the access layer, each Jello device will select fre-a random delay to both the sender’s sensing function and
quency blocks to set up its communication session. Durreceiver's defragmentation triggering. First, upon detec
ing the session, it adapts its frequency usage when itfg a defragmentation opportunity, the receiver waits for
traffic demand changes or when an opportunity for deq random intervall'?, ., and notifies the sender only
fragmentation appears. Without any dedicated radio foff the opportunity still exists. Second, a sender always
control, Jello addresses the following challenges: (1lyepeats its spectrum measurement after a random delay
each sender/receiver pair needs to synchronize on thegf 75 . A frequency block is considered free only if
frequency usage to ensure reliable transmissions; (2} is found to be free during both measurements. Ran-
to avoid hidden terminal problem, each sender/receivegiom backoffs reduce the probability of simultaneous de-
pair needs to coordinate and choose proper frequencyagmentation attempts, similar to the CSMA backoffs in
block(s) that are available to both of them; (3) simul- 802.11. Finally, devices can configure their backoff win-
taneous transmissions need to avoid using overlappingows based on the projected effectiveness of their fre-
frequency blocks; and finally (4) devices must be able toquency shifts, giving priority to those that can provide
quickly recover from failures caused by channel impair-the maximum benefit to the system. For simplicity, Jello
ments and external interference. uses a uniform random backoff window.

Synchronizing Sender/Receiver. Each Jello sender Recovering from Failures.  Despite minimizing link
and receiver pair performs handshaking to synchronizgajjyres through careful coordination of spectrum sensing
the frequency blocks they use for data transmissiongnd selection, link failures are sometimes unavoidable.
This coordination has low overhead and does not involverhey can occur from external interference or an unlikely
any contention among sessions. Because GNU radiggonflict scenario where two links simultaneously move to
have large processing delays [12], our current Jello imthe same frequency block. Redundancy techniques such
plementation does not include per-packet acknowledgess error correction codes [24] can improve the robustness
ments. The handshaking process is always initiated byf coordination packets, but are ineffective under com-
the sender. plete link failures. If a link fails due to interference or
To change a session’s spectrum usage, the sender peonfiict, its sender-receiver coordination messages will
forms spectrum sensing to see if there is any opportunity|so fail to reach their destinations.
for change. If so, it sends a request (REQ) to its receiver 1o address this, Jello introduces a SYNC state that de-
indicating its spectrum sensing results. After receivingyices enter at initialization or when they detect a coor-
a REQ, the receiver selects a proper set of blocks angination failure. A sender enters the SYNC state after
replies with an acknowledgement (ACK) indicating thefa”ing to receive any ACK after retransmitting a REQ
selection. It also starts to decode signals from the NeWy times, and a receiver enters the SYNC state after
blocks. Upon receiving an ACK, the sender configuresyot receiving any packets for a time peri@gdy xc. In
its transmissions on the new blocks. ACK failures couldine syNC state, devices communicate on the “SYNC
lead to discrepancy between__sender and receiver’s frqzrequency Set” (SCS), a set of frequency blocks dedi-
quency usage. Thus, after failing to decode packets fogateq for performing resynchronization. The sender and
a period of’'zorr, the receiver “switches” back to de- recejver perform normal handshakes to reestablish syn-

coding on the original blocks. chronization and move to selected frequency block(s).
Choosing Frequency Blocks. Each Jello pair firsttries  There are several ways to define SCS, in our currentim-
to find a contiguous frequency block using thest-fital- ~ Plementation we configure it as a preassigned frequency

gorithm. If no such block is available, the pair selectsPlock known to all devices. Devices try to avoid using

multiple frequency blocks following the “noncontiguous the SCS for data transmissions except as a last resort,

best-fit” strategy: select the largest available blocks unmaximizing the probability that the SCS is idle.

til the remaining demand is less than the largest remaing Ny Radio Implementation. We implement Jello’s
TThe typical OFDM symbol duration for 802.11 a/g radios js4 access layer as a user-level program. Because USRP

so the sensing time is 0.2ms. In GNU radios, the symbol aras ~ 'adios have a large rando_m processing _ delay up to
2ms and the sensing time is 100ms. 20ms [12, 21], we use relatively large timing parame-




ters in our experiment§’>  _andTZ _ are uniformly We use both VBR video traces and synthetic On/Off
distributed in D.1s,1s], Teorr = 1s, Ng = 5, and traffic to generate sessions. We scale the traffic flow as
Tsync = 3s. Each Jello device tries to defragment necessary to create a desired load normalized by the fre-
the spectrum once eve)s. We choose the 28 low- quency bandwidth. Sessions carrying video traffic have
estindexed subcarriers (out of 256) as the SCS. Based @imilar average loads, and sessions carrying On/Off traf-
our experience with the experimental platform, we foundfic have different traffic volumes. For video traces, we
these to be reasonable parameter values. assume a 10s application buffer so that each session’s
demand changes every 10s. For synthetic traffic, the On
and Off periods are randomly generated from a uniform
distribution. Each session determines the amount of fre-
We also observe two unexpected hardware artifacts thaguency required based on its traffic demand and the av-
may affect Jello’s testbed performance. erage data rate achievable on each frequency subcarrier.
If the current available frequency cannot fulfill the entire
demand, the session will take what is available.

We evaluate Jello by comparing four systems:

5.3 Unexpected Hardware Artifacts

Amplified Impact of Frequency Offsets. The band-
width limitation of USRP radios magnifies the impact
of frequency offsets, because they are now larger than
the subcarrier width. Our 20-day measurements shov Static: partitioning spectrum equally by the number of
that the frequency offsets can reach 10KKR#(subcar- sessions; each session has a dedicated frequency block.
riers) but have relatively smaller variancesXsubcarri- e Jello-C: Jello with contiguous frequency access.

ers). To suppress its impact, we manually correct eachy je|io-NC: Jello with non-contiguous access enabled.
USRP’s central frequency by its measured average, re-

ducing its frequency offset ta 2 subcarriers e Optimal: an “oracle” solution with perfectly accurate
' sensing that removes fragmentation by assigning spec-

Artificial Signals. Due to imperfect RF shielding, a trum using knowledge of all future requests.
USRP radio may leak energy to its receiving path, cre-

ating a energy peak of random strength near the centraplIi
frequency (shown in Figure 6 as a spike near 2.38GHz).
As a result, a radio could mistake some free subcarriApplication disruption rate: the proportion of time

ers as being occupied. In our experiments this artifacthat a session experiences packet losses higher than a
leads to a small amoun&@%) of spectrum sensing er- maximum thresholdX, and thus cannot sustain satis-
rors. The impact is minor because Jello uses tempordhctory media quality. For example, prior work shows
averaged signals in its sensing, reducing the peak’s edgfat streaming video sessions can only tolerate up to

We collect two performance metrics that measure ap-
cation performance and spectrum usage efficiency:

strength to that below the detection threshold. 10% packet loss [26]. We examined Jello usikig=
5,10,20%, and arrived at similar conclusions. Due to
6 Evaluation space limitations, we only show results usikig= 10%.

We evaluate Jello using both network simulations andResidual usable spectrum given a traffic load, the
GNU radio experiments. We use simulations to evaluat&éimount of spectrum left for a new media session, aver-
Jello with various design choices and network configura-aged over time and normalized by the spectrum capacity.
tions. We also run experiments on an indoor network of

8_GNU radios in a _12m7n_1 room (F|gure_z 7), running 4_ 6.1 Simulation Results

simultaneous media sessions. We configure each radio’s . ]
transmit power so that each link maintains 5% or lesgWVe first simulate Jello under general network configura-

packet loss when there is no interference present, and dfons: We use these experiments to examine and verify
links interfere with each other. Each GNU radio experi-J€ll0’s design concept without any sensing/transmission
ment lasts 10 minutes and is repeated 5 times. error or coordination overhead. Figure 8 shows that

Jello-NC, by enabling dynamic non-contiguous fre-

quency access, significantly outperforms Jello-C and

Static. There is a small distance between Jello-NC and

Optimal because Jello-NC uses periodic defragmentation

so that a low-level of fragmentation still remains, leading

to some loss in spectrum from frequency guard bands.
We also make several key observations:

Impact of £ (the maximum # of frequency blocks each
Figure 7:Our Jello testbed: 8 USRP GNU radios are placedradio can use). Since hardware complexity scales with
ina 12mx 7m room with various walls and furniture. k, it is interesting to understand its impact. In Figure 8
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0.4 — C with the rest but only slightly. In our testbed experi-
Static —+— X
® Jello-C e ; ments, we us8est Fitfor Jello.
S 03  JelloNCk=2 www g _ o
< jg”gmgtzi Impact of network topology.  We examine this im-
= 02 Optimal wwwwwes A7 pact using a network of 50 sessions. By varying the
.‘g ot = transmit power we create networks of different conflict
_____________ conditions, represented by the average conflict degree
00.5 0.6 0.7 0.8 0.9 1 D. Higher D means each session conflicts with more
Normalized Average Traffic Load (VBR Traffic) peers. Table 2 lists the application disruption rate for
(a) Impact of max. frequency blocks allowed Jello-C, Jello-NC and Optimal. The same conclusion ap-
plies. One interesting observation is that Jello-NC leads
04 Jello-C:Worstrit to more gains as the conflict level d.ecreases. This is bg-
E 03l JOoChesrn e < cause non-contiguous access provides more opportunity
e Jello-NC:BestFit : for spatial reuse where non-conflicting sessions can reuse
§ 0.2 ¢ the same frequency blocks.
Z o1 _
_ ‘ Average conflict degre®
00 s = 0‘7 - 0‘8 0‘9 1 3.9 5.1 6.3 7.5 8.5
. Norma.lized Avera.ge Traffic L.oad (VBR '.rraffic) Jello-C | 0025 0057 0.107 0.155 0.207
Jello-NC | 0.005 0.019 0.054 0.095 0.147
(b) Impact of frequency selection algorithms Optimal | 0.001 0.005 0.018 0.037 0.065

Figure 8:Simulated Jello performance using video traces: (a)Table 2:Application disruption rate with different conflict de-
when allowing each radio to access= 1..4 frequency blocks;
(b) when using different frequency selection algorithms.

grees using a large network of 50 sessions.

Normalized average traffic load 6.2 Testbed Results
0.6 0.7 0.8 0.9 1 We now evaluate Jello using the GNU radio testbed. All
P(Lblock) | 98.9% 87.7% 70.3% 58.2% 52.1% the results now include the impact of channel impair-
P(2blocks)| 1.1%  11.8% 25.1% 31.1% 33%  pents putthose of Jello-C and Jello-NC also include the
P(3 blocks)| 0 04% 4.2% 9.1% 12.2% 10t of coordination protocol overhead and spectrum
P(4 blocks) | 0 01% 04% 15% 24%

sensing errors. For Jello-NC, we use-= 3 in our hard-

Table 1: Probability distribution of the number of frequency ware implementation.

blocks each session uses, using Jello-NC with oco.
6.2.1 Jello’s Overall Performance

we examine the application disruption rate of Jello-NC
by varying k between 1 and 4. We see that raisiig
from 1 to 2 leads to a significant performance leap, bu
after that the benefit of raisingg becomes marginal. To
further examine this, we list in Table 1 the probability
distribution of the number of frequency blocks each ses
sion uses whe# is unlimited. We see that the need for
non-contiguous access does increase with the traffic loa
but each session uses no more than 3 blocks with a 97+ . .
probability. We repeated our experiments using different Jello-C also outpe_rforms _Statlc, except in ghe VBR
traffic models and network sizes, and arrived at a simi—a>¢ when the trafflq load is lower than 658 %. Th|s
lar observation. Although inconclusive, this shows thatqnexpect(;d %egrr]adgtmn corr;_;:‘s tf rorr(;.JeIIos dcqordslna-
adding 1 or 2 bands to aradio’s frequency access capabiﬂ—gz g \Sraiz ’senzznwaerrero?sr I(?ecczll( trllz(iuétsaetic 'Eas ?100_
ity will significantly boost the overall performance. We ) g

. : . such overhead). As the traffic load grows, the gain of
also prove this trend analytically in a separate study [6]'dynamic spectrum multiplexing overcomes the system

Impact of the frequency selection algorithm. Fig-  overhead. For On/Off traffic, Jello-C consistently outper-
ure 8(b) plots the application disruption rate of Jello-Cforms Static. This is because traffic burstiness is higher
with Worst Fit First Fit, Best Fit and Jello-NC wittBest  than that of the VBR traffic, thus dynamic spectrum ac-
Fit. We see that Jello-C witBest Fitoutperforms Jello- cess leads to significant gains.

Media Quality Measurements. Figure 9 summarizes

the application disruption rates using both video and syn-
Ehetic traffic. Due to channel impairments, all disruption
rates are slightly higher than those of simulations. We
see that Jello-NC can effectively utilize a large portion of
the spectrum (up to 75%) while keeping disruption rates
gelow 5%. It outperforms Static and Jello-C significantly

nd is within a reasonable distance from Optimal.
0
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Figure 9:Testbed results: application disruption rate vs. aver-Figure 10:Testbed results: comparing Jello-C, Jello-NC and
age traffic load. Jello-NC consistently outperforms J€lland  Optimal in terms of the residual usable spectrum.
Static, and is within a small gap from Optimal.

Benefits from Non-contiguous Frequency Access.

Spectrum Usage Efficiency. As another measure of For a fair comparison, we assume both access mech-
Jello’s spectrum usage efficiency, we measured¢sil- ~ anisms use online defragmentation. Figure 9 already
ual usable spectruras a function of the normalized aver- shows thatallowing non-contiguous access keeps the dis-
age traffic load. Figure 10 shows the results for Jello-Cruption rate below 10%, while contiguous access may
Jello-NC and Optimal. The result of Statis is not shownsuffer more than 25% disruptions. Another way to in-
because the entire spectrum is used by existing session&rpret the resultis that, to keep a 10% or less disruption,

Compared to Optimal which completely removes all non-contlgu_o_us access achleyes 22-32% improvementin
fragments, Jello-NC only sacrifices 10-15% of the to-SPECtrum utilization over contiguous access.
tal spectrum bandwidth. Among those, 3% comes fromBenefits of Online Defragmentation. Using On/Off
the extra guard bands associated with the non-contiguougaffic, we compare the performance of Jello with and
frequency access (due to infrequent defragmentationjwithout online spectrum defragmentation. From Fig-
and the rest is from sensing errors and the fact that eaclire 11, we see that online defragmentation reduces spec-
new flow can only at most 3 frequency blocks. trum disruptions for both contiguous and non-contiguous

For Jello-C, however, the overhead increases to 20Jello. For example, with 68% load, defragmentation
30% of the total spectrum bandwidth. In this case, thereduces disruptions from 18% to 15% for contiguous
impact of residual fragmentations is amplified by theand 5% to 3% for non-contiguous access. Compared to
limitation that each new flow can only use 1 frequencyenabling non-contiguous access, online defragmentation
block. For the same reason, its residual spectrum is inhas a smaller gain. This is because in our implemen-
sensitive to variations in traffic loads. An alternative way tation, Jello devices defragment infrequently (at most
to interpret the results is that, compared to Jello-C, Jellotwice per On period) due to hardware limitations.
NC offers up to 45% more free spectrum to new sessions.

6.2.3 Jello’s Overhead

6.2.2 Where Does The Gain Come From? Having examined Jello’s application-level and spectrum
usage performance, we now look into the overhead that
The improvement of Jello comes from both non-separates Jello-NC from Optimal. We quantify the im-
contiguous spectrum access and online defragmentatiopact of each element that contributes to Jello-NC’s appli-
In the following, we evaluate their gains separately bycation disruption rate. These include: (1) the inherent
comparing the performance of Jello with contiguous andraffic dynamics where the total spectrum cannot sup-
non-contiguous frequency access, and by enabling angort all the sessions (the same applies to Optimal); (2)
disabling online fragmentation. the frequency guard band overhead from non-contiguous
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0.5 TelloC wio defrag = (treating occupied blocks as available) rates are 5—1_0%.
o 04© Jello-C ezzza | Figure 13(b) shows the results c_)f two sample topologl_es.
g Jello-NC wio deflag. mmmmm These errors are due to the time-varying channel im-
s O3 ® & T pairments and heterogeneous signal strengths commonly
S o2 L % §§§ gg? %g found in indoor environments. _
8 o1 %g %2 - 7 g’ ~ On the other hand, Jello's edge-detection based sens-
X] % <] <] P
. e | I 7 I ::.z I 5%2 ing is much more accurate than the energy-detector, and

0.68 0.72 0.75 0.78 0.82 is relatively |ns.enS|t.|ve to thg choice of_detgct|on thresh
Normalized Average Traffic Load (On/Off Traffic) old. To quantify this benefit, we plot in Figure 14 the
detection false positive and false negative rates from
Figure 11:Testbed results: benefits of Jello’s online defrag- energy-detection based sensing, using the same topolo-
mentation using On/Off traffic. gies in Figure 13(b). We see that energy-detection sens-
ing leads to much higher detection errors, and is highly

0.2 : : ‘ : sensitive to the choice of its detection threshold (-32dB
Sensing + Coordination Erfors = for topology 1, -48dB for topology 2). In addition, it
§ 0.15 | Traffic Dynamics mmm— - suffers from high false positives (e.g. 40%) in order to
S o1l maintain a reasonable rate of false negatives (e.g. 10%).
2 - Coordination Overhead. The majority of Jello’s co-
8 005 % ordination overhead is due to links falling back to the
£ SYNC state to resynchronize. In our experiments, these

0.68 0.72 0.75 0.78 0.82 occur from external interference, or an unlikely conflict
Normalized Average Traffic Load (VBR Traffic) in frequency adjustments. From Figure 13(c), we see that
the probability of entering SYNC is only 2-3%, and the

Figure 12: Testbed results: breakdown of contributions in average recovery tlme. IS 4._55' Both the SYNC pr.Obabll_

Jello-NC's disruptions, using video traces. The impactaffic ity and the recovery t'm,e increase with the traffic load

dynamics is unavoidable and also applies to Optimal. because as more sessions start to adapt frequency for
additional spectrum, they create slightly more conflicts
and more traffic on the SCS. Now a session could wait

frequency access (for being unable to defragment spedonger before Starting resynchronization. However, be-

trum Comp|ete|y); (3) the Sensing error and coordinationcause links leave the SCS immediately after Iocating free

overhead caused by channel impairments, and (4) corfpectrum, the SCS utilization stays low.

flicting defragmentation. Results in Figure 12 show that

the guard band overhead ha_s a reIaFiver small impacy  Discussion

compared to the other two, which confirms that Jello pro-

duces a very low-level of spectrum fragmentation. Thewe can extend Jello in the following directions.

probability of defragmentation conflicts is 0.5% in our _ ) _

experiments and its impact is absorbed in the coordinalntegrating _W'th Other MAC _Funct|0ns. Due to _
USRP Radios’ large processing delay, current Jello im-

tion errors in Figure 12. ) : .
plementation does not include several MAC functions.
Frequency Guard Bands. In Figure 13(a), we com- These include (1) rate adaptation (Jello uses BPSK); (2)
pare Jello-NC and Optimal in terms of their guard bandchannel-aware frequency selection (in our experiments
overhead. Without any fragment, Optimal uses a fixecthe channel quality is flat across the frequency range due
number of guard bands (6 subcarriers out of 240 usable limited bandwidth); (3) power control (we use uniform
subcarriers), or a 2.5% of overhead. For Jello-NC, tharansmit power across all the subcarriers in use); and (4)
guard band overhead increases with the traffic load bepacket retransmission. Using powerful radio platforms,
cause each session uses more frequency blocks to fulfiiello can add these functions. A key issue is to inves-
its demand. However, similar to the results in Table 1.tigate the interaction between Jello’s frequency selactio

in our experiments more than 85% of time a session usesnd these functions and to jointly optimize them together.
only 1 or 2 frequency blocks. Thus the overall guard

band overhead is less than 5% even at 80% traffic Ioad.OptImIZIng Frequency Selection. Jello’s frequency

selection algorithms focus on minimizing network-wide
Spectrum Sensing Errors. Figure 12 shows that sens- spectrum fragmentation and conflicts. Additional infor-
ing errors could be a major contributor to the disruptions.mation about each spectrum section such as received sig-
In our current implementation, the average false positivenal strength can allow Jello to choose a good set fre-
(treating available blocks as occupied) and false negativguency blocks to achieve reliable transmissions match-
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Figure 13:Testbed results: Examining Jello-NC's overhead in termheffrequency guard band overhead, sensing errors, and
coordination delay.

TopoL. False Posiive balancing [20], distributed protocols for spectrum con-
0.8 | :

Topol: False Negative -~ ] tention [32] and for utilizing UHF whitespaces [4].
Topo2: False Positive -+ ]
02: False Negative -&- "1

Jello differs from these works in three aspects. First,
Jello’s per-session FDMA design is more general in that
it operates across wider spectrum ranges at a fine gran-
ularity and completely eliminates CSMA traffic con-
tention. Second, unlike [32], which requires a sepa-

Energy Detector Threshold (dB) rate control radio to reserve spectrum, Jello devices self-
sense spectrum to avoid access conflicts, and defrag-
Figure 14: Testbed results: detection reliability of energy ment spectrum while staying transparent to others. As
detection-based sensing as a function of its detectiorstthre a result, Jello provides dedicated frequency usage to de-
old. Compared to Jello's edge-detector, it leads to muchdrig manding applications. Finally, Jello’s spectrum sensing
detection errors, and is highly sensitive to the choiceoti#-  differs from SIFT [4] which detects any contiguous fre-
tection threshold (-32dB for topology 1, -48dB for topold®ly  quency usage using time-domain signals. Instead, Jello
uses wide-band sensing in the frequency domain that can

ickly identify multiple active frequency blocks instead
ing its traffic demand and minimize frequency usage.grlsinglé bIocI:IZs a?alﬁ)ime v quency !

Jello can also use this information to configure a proper
amount of guard bands at link boundaries instead of usyon._contiguous Frequency Access. Most works in

ing a uniform configuration. An interesting issue is how s greq assume either centralized control [23] or a ded-
to obtain such information reliably and efficiently. icated radio for control. Others are limited to simula-
Porting Jello to Other Radios.  Jello can be ported tions [7] without considering practical artifacts such as
onto advanced hardware platforms [16, 21, 24, 28, 30]s€nsing and guard bands. Jello, on the other hand, imple-
to benefit from their increased frequency bandwidth andments distributed non-contiguous frequency access and
processing speed. For best performance, Jello requiréieploys a USRP prototype.

radios that can support fine-grained frequency access
and quickly scan spectrum to identify available ranges.

Probability

' SWIFT [24]is a distributed wideband spectrum access
system that can use a large frequency band even when
a narrowband signal is present. SWIFT nodes share

spectrum in the time domain using CSMA. Jello differs
8 Related Work from SWIFT by using per-session FDMA to avoid costly
packet contentions and by using an non-intrusive edge-
detection based mechanism to identify usable frequency.
ODS [15] implements on-demand spectrum access using
Contiguous Frequency Access. The majority work  spread-spectrum codes, focusing on adapting spectrum
on dynamic spectrum networks assumes contiguous freallocation to bursty traffic. It applies a random policy for
guency access [1, 4, 8, 16, 20, 31, 32]. This access paselecting codes and uses adaptive receiver feedback to
tern has the advantage of being readily implemented omnegulate code allocations. Jello differs from ODS by op-
conventional 802.11 devices [8]. In this context, prior erating in the frequency-domain, using spectrum sensing
works have developed centralized algorithms for loadto avoid access conflicts.

We divide the related work into two categories: contigu-
ous and non-contiguous frequency access.
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9 Conclusion [10]

Jello provides a new distributed spectrum access tech-
nigue for demanding wireless applications. High-quality[ll]
delay-sensitive media sessions can now access and share
wireless medium in the frequency domain and adapt their
spectrum usage to varying traffic demands. Jello uti{12]
lizes frequency-agile radios to sense, identify and occupy
unused spectrum, allowing multiple sessions to work in
parallel on isolated frequencies. To maximize spectru
usage efficiency, Jello devices self-defragment spectru
on-the-fly, and scavenge multiple frequency fragments
for use by single, high-speed transmissions. Jello is als@s;
MAC-agnostic and does not require any dedicated radio
for control. Despite USRP radio’s limited bandwidth and [16]
large processing delays, our measurements on an 8-node
testbed confirm that Jello can provide reliable spectrum
access for media applications and significantly improv 1
spectrum usage efficiency.
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