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Abstract—This paper focuses on the design of methods which the DFS false alarm rate [5]. DFS is also not an efficient
enable unlicensed devices to use the frequency spectrumedidy mechanism in the search for spectrum opportunities, as it
allocated to rotating radar systems without causing interérence requires long channel availability check time periods, tamg)

to those radars. We first present a database-assisted speatn iods. To add the chall f t
sharing/co-existence mechanism for radar spectrum bandshis non-occupancy periods. 10 address the challenge of spectru

mechanism takes into account thereal spectrum usage behavior ~ sharing in radar spectrum, regulatory bodies have genkrate
of different radars, and is also implemented by prototyping intense interest in the design of database technology Hrat c

a real-time rotating radar beam emulator, a radar spectrum make spectrum sharing feasible not only in TV White space
database using MySQL software, and spectrum access algdih  1\\y/s) pands but also in new bands, such as radar bands [4],

on Wireless Open Access Research Platform. Then we propose . - .
a cloud-based unified channel access (UCA) method and al6l, [7]. Although the basic requirements for databaseisesy

distributed UCA method for co-existence of multiple compeing have been established in different works [8], [9], many of
users in unlicensed and rotating radar spectrum bands. We miel the details of spectrum databases and their use for spectrum
the UCA _problem as a game and_ propose iterative methods sharing need to be worked out.
(i.e., algorithms) to obtain the solution of the game. We sty gpactrym measurement campaigns that obtain reliable spec-
the sta_lblllty of the proposed methods under seve_ral dlfferet_ trum occupancy results for radar systems are crucial for
scenarios. We show that the proposed UCA game is a potential ’ : .
game, and also show that the proposed methods guaranteethe design of database-assisted spectrum sharing models. T
convergence to a Nash Equilibrium. Our results show that the take this into account we ran a measurement campaign to
cloud-based meth_od allows fas_t convergence and can achieveqssess the spectrum usage behavior of different rotataay ra
performance that is close to optimal solution. systems in Finland. Our recent works in [10], [11] describe
Index Terms—Spectrum sharing, unlicensed channels, radar the results of our measurement campaign. Using the data we
channels, game theory, potential games, cloud-assistedisd collected, in this paper, we first present a database-adsist
tributed spectrum access, MySQL database, prototype. shared spectrum access mechanism between the rotatimg rada
and a secondary network that poses low overhead and requires
I. INTRODUCTION minimum interaction between the two types of user. In order t
A. Background and Contributions realize a complete real-time SA system, the proposed method
In response to the spectrum deficit, the wireless indusigyalso implemented by prototyping a real-time rotgtmganrad
has set in motion several initiatives that aim at: 1) explo jeam emulator, a radar spectrum database using MySQL

ing new models for spectrum sharing [1]; and 2) explorinéerver software, and spectrum access algorithm on Wireless
pen Access Research Platform.

new infrastructure models that use cloud-assisted solsitio tice. AP deol S| i d and SA ch |
provide flexible spectrum management and advanced network! Practice, eployments in unicensed an channels

coordination [2], [3]. In terms of spectrum sharing, desig(ﬁ"’mAtl):)e i'it.r'?#tei’ asa usetr can mdtl;‘/ldua}IIy choose to(cjx.yepil q
of new models of shared access (SA) between rotating rad [gAr at hisiher home or at Some other place, or coordinated,

: e . ; hospitals, universities, or businesses choose to deploy
and wireless communications has generated particulaestte 2> ’ ’ o : .
g P §éwork of hundreds of APs within their premises. Our work

This is due to the reason that radar systems consume laP . . o
y oposes solutions for both scenarios and desdistsibuted

amount of highly desirable spectrum below 6 GHz [4], 5P . o .
For example,gpotential candigate radar channels foE ]S@E;lr] nd cloud-assistedunified channel access (UCA) techniques.

are between 960-1400 MHz. 2700-3650 MHz and 5004} Particular, we focus on the design of UCA techniques for

5850 MHz, since different wireless technologies such as, LTEUIPIE competing users that seek to optimize their spectr
WIMAX, and WLAN can support operation in one of thesd!Sage and operate in frequency channels where some channels
bands ' are for unlicensed access and other channels are for sharing

Dynamic frequency selection (DFS) enabled unlicens%‘ﬂth the kr?ctatmg dralfjars. C;ame th(ipry.ptrowdtes f naﬁural
devices currently share spectrum with radars in the 5GHZMework for modeling such competing Interests of wireles

band. However, in this method, it is challenging to detel>e"S- .We modgl the_ network of multiple users as a UCA
inimizestrategic game in which the users attempt to optimize their

utility. We consider several different network scenariosl a
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R. Vuohtoniemi are with the University of Oulu, Finland. Eos$sain is with h . Such ' h . sat |
the University of Manitoba, Canada. L. A. DaSilva is with fhenity College other scenarios. Such games guarantee the existence asat le

Dublin, Ireland. A. Marshall is with the University of Liveool, UK. one pure Nash Equilibrium (NE) (i.e., local maximum).



Recent advances in cloud-based technologies have gierh unlicensed and SA channels is important. Differentnfro
a platform for the design of systems that can handle apdevious works, we consider the problem of UCA in both
efficiently process computationally heavy tasks in différe unlicensed and SA radar bands. In particular our proposed
application areas, such as cloud-based management optaultSA method takes into account real spectrum usage of rotating
wireless systems [3], [12], autonomous cloud-based né&twaadar systems.
for driving [13], and cloud-based decision making for sétat

of servers [14], [15]. We present a cloud-based system for . _
UCA in which the cloud has access to a spectrum database a5"€ Problem of multi-user resource allocation process for

well as local spectrum usage reports from users. The clo@ysingle unlicensed channel where a centralized mediating
R\thority receives local interference reports from thédiand

based system is a software-based entity and is illustra , ‘ .
in Fig. 1. The three main characteristics of the proposdflructs them on spectrum usage has been investigated in

cloud-assisted wireless system are: i) centralized computdifferentworks (see [21], and the references therein).dbyie

of a stable and efficient UCA solution for multiple wirelesSPECIrUm usage in a single radar channel is the topic of [17]
users, ii) reconfigurability of spectrum resources, iii)dan@d [18]. These works focus on the use of temporal sharing
collaborative communications. in a radar channel which exploits spectrum opportunitieh bo

In our model, the cloud has no power to enforce the solutioff, € spatial and temporal domains.

and the users would agree to such a proposal only if it were
an NE. By adding a low-overhead cloud-based information pitferent from [21], [17] and [18], our work focuses on

exchange system to the UCA game, we ensure that the USRES design of UCA techniques for scenarios where multiple
always reach an NE in a few rounds. The proposed cloudaguency channels are available and some of these channels
based UCA method requires no more than a totalMf@st - 516 for unlicensed access use, and other channels are for SA
response updates to reach an NE, wheres the number of it rotating radar systems. The works in [22], [23] invgate
players. In game theory, the best response is the actiorhwhifie problem of database-assisted SA in TV White Space. A
produces the most favorable outcome for a player, takingrotiycia| group utility maximization for database assistediSA
players’ actions as given. . TV White Space is the topic of [24]. The proposed techniques
_D|fferent from the cloud-based method, in the proposed dl_ﬁl- [22]-[24] are designed for co-existence of secondaryase
tributed method each AP takes autonomous channel selectipfyer primary user constraints in TV White Space. These
decisions, i.e., it does n(_)t take assistance from the C|0Udtéchniques cannot be applied/compared to the problemestudi
terms of channel selections. We compare the performangethis work as they do not take into account the spectrum
of the cloud-assisted method with the proposed distributgdage pehavior of rotating radars. Moreover, the techsique
method. We show that, while the performance of propos%qjoposed in [22]-[24] are different from our work as we

cloud-assisted method is not strongly affected by an is&@@ onsider channel selection under both unlicensed accebss an
the number of competing wireless users, the distributed UG scenarios.

method does show degradation when the number of users is in-
creased beyond the total capacity of all the available chlann
We also find that under the distributed UCA method, when anln [25], an online algorithm for distributed channel and
AP can measure one extra channel apart from the chanbahdwidth selection in unlicensed channels is presented. A
it has selected to access, the performance of the propotigeligh, the algorithm relies on airtime utilization measur
UCA method improves significantly. Surprisingly, we alsalfinments in channel/bandwidth selection, however, the work
that when the number of channels that a user can measurg@nly focuses on finding efficient variable-width spectrum
increased beyond a few channels, then the performancecofifigurations (between 5 MHz to 40 MHz) for WLANSs in
the distributed UCA method starts deteriorating, and tesubinlicensed channels. Our proposed methods do not consider
in the worst performance when the user can measure all that the users are capable of dynamic bandwidth selection.
channels. This counterintuitive result stems from theéased To analyze the conflict among multiple self-motivated users
likelihood that two or more users select the same channel,ragny research papers have been published that have utilized
will be further explained later in Section VI. the framework of potential games in the context of channel
selection (see [26], and references therein). Howeveruto o
knowledge, no existing research work exists using potentia
games to analyze equilibrium properties of a wireless netwo
Most existing spectrum sharing studies have focused on fhewhich competing users can select a channel from both
design of channel selection techniques in either unliansenlicensed and SA radar channels. Moreover, our work is
[2], [16] or in SA bands [17], [18]. Such methods may balso different from the previous works on potential games
inefficient for network operators planning 5G networks, dsecause our proposed utility function takes into account ai
the next generation of infrastructures and devices willdneéime utilization in channel selection. This is motivated by
to be more flexible to be able to operate in different spectrutime fact that many recent works [27]-[30] have shown that
bands [19], and exploit multiple radio access schemes [R0].airtime utilization in wireless local area networks (WLANs
this context, the design of unified spectrum sharing teakesq determines the resulting throughput performance and acces
using which multiple users can flexibly select channels frofatency of the WLANS.

B. Related Literature
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Example results of our measurements of a weather gzctrum

Il. DATABASE-ASSISTEDSPECTRUM SHARING WITH

ROTATING RADARS

A. Rotating Radars and Their Spectrum Usage

To better understand the operating principles of various
radar systems, and to determine their spectrum usage pat-
terns, we measured spectrum usage behavior of three differe
ground-based fixed rotating radar systems at differentitmes
near Oulu, Finland. Detailed results of our measurements
campaign, their explanations, and a discussion of chadieng
for existing sharing techniques in the radar bands can bedfou
in [10], [11]. In Fig. 2, from our measurements campaign, we
present an example result of spectrum usage by a weather rada
system that is located near the city of Oulu, Finland. It can
be seen from Fig. 2 that at a given location there are pauses
between the radar scan pulses that vary from 13.1 seconds to
21.1 seconds. This offers the potential of temporally stari
the spectrum with the radar system. However, the fact tteat th
scan pulse interval varies from 13.1 seconds to 21.8 seconds
shows that the weather radar’s scan patterns are quaedperi
This poses a challenge for existing theoretical sharingetsod
which are designed based on the assumption that the scan
patterns are periodic [18]. Moreover, it can be also seen in
Fig. 2 that the received peak power is not constant. The reaso
for this power variation is that the radar scans horizontat0
degrees at different vertical angles. The highest peakhen t

The rotating radars that operate in different bands haligure are obtained when the radar directs its beam downward
highly directional rotating antennas and provide coverad@ the measurement location. This significant variation in
over a large area (e.g., they can have a range of up to tgceived signal of the radar poses a challenge for sensing-
200 km). Examples of rotating radars include weather rad2@sed spectrum sharing techniques.
systems in the 5 GHz band, air surveillance radar systems,
and ground surveillance radar systems. These radars titand$n Motivation and Explanation for the Proposed Spectrum
a narrow beam and they perform more listening than talkingccess Framework

For example, a weather radar may emit a pulse fps 2hen

In our proposed database-assisted framework, the radar’s

listen for approximately 2 ms. They rotate to scan horizipnta surrounding area is divided into three geographic zones and

360 degrees, and some of them also tilt vertically.

several slices (see Fig. 1 for an illustrative example).hEac



Algorithm 1 Database-assisted access in the rotating raggbtection, a network of sensor devices called environment
channels _ sensing capability (ESC) is deployed at the boundary of Zone
forlE."’?Ch Al 1. The detailed advantages of deploying ESC near exclusion
nitialize: Register with the Database . .
Get zone information, location slice indek, and rules for sharing with ZOne are shown in our work [33]. The ESC is used to

radar systems operating in the area detect aggregate received signal strength. When the szteiv
forifE(aZanreaiirjl()jt?len signal strength exceeds a critical threshold value (defmed
NO access. a regulatory body), some APs in the area are instructed to
else if (Zone == 2)then _ move to another channel to avoid any possibility of harmful
Temporal sharing (if allowed for a particular radar chajpnel interference. In Zone 3 (which is typically 50 to 200 km away
if a radar channel is selected and access to it is allowed by the ', .
Databasehen from a radars’ location), the users are free to use the spactr
Access based on defined sharing rules. as they are outside the interference area of the radar.
if Scan speed changésen Due to the arbitrary change in scan speeds of some radar

The h‘?ar:a?]asehgg”a's the sean m:ge agd the s”ce ﬁdexsfﬁ/stems, such as weather radars, there can be some urtgertain
in which the change occurs. The AP updates the next majiy \yhen the radar will direct its main beam to the AP’s loca-

elst;eam arrival time using Eq. (1) tion. In the proposed framework, this challenge is addiksse

Use the previous main beam arrival time. as follows: When there is a change from fast to slow or slow
end if to fast scan speed, the database signals the scan mode change
else and the slice in which the change occurred, so that the next
Perform the channel selection again. pulse arrival time can be calculated by the AP as follows:
end if
else T (1S =S| xTe)+ ((Ns—|S — &) X Tn) ,when& > §
c:J‘rlllicensed access (IS—<IxTn)+ ((Ns—|S —&|) xTg) ,whenS < §
end | (1)
d f . S . . . .
eng?or o where§ is the slice index in which théh AP is located S

is the slice index in which the speed change occurfgds

the previous time the radar’s main beam spends on each slice,

zone defines a different operating mode for an AP. Each sligad Ty is the time the radar's main beam now spends on each

Sis defined by its angular widtBs, which in turn has the slice.

same value as the radar beamwidth. Netrepresent the total It is important to note that our proposed SA method does

number of slices which is given byNs = 360/6s|. The time not require highly-accurate location information of a user

the radar’s main beam spends on each slidg4s0s/R, where as location information is only used to determine in which

Ris the scan speed in degrees/s&igorithm 1 describes the zone/slice a user is located. In practice, the considerealrra

main steps followed by a wireless AP to access the rotatiggstems coverage is around several km (typically from 50 to

radar’s spectrum in which shared spectrum access is allow2@0 km), which means a zone around a radar system can span
Exclusion zone analyses and methodology for sharing wititom a few km to several km. Also, a slice can span from

various radar systems are actively being researched wliein a few to several hundred metres. This in turn means that for

regulatory bodies. In [31], and [32], both the Federal Comma user with slow to medium velocity some delay in location

nications Commission (FCC) and the National Telecommupdates can be tolerated.

nications and Information Administration (NTIA) have laid

detailed groundwork relating to the calculation of exawsi C. |nformation Exchange Overhead

zone distances around different rotating radar systent) su

as shipborne and ground-based radar systems. The resuItFo

the studies in [31], and [32] suggest, a protection zone Ofgtt;\fore initiating the APs, a spectrum sharing database is

least 3 km is required around the perimeter boundary of tqﬁeried about the zone information. 2) When the radar scan

installations where the ground-based radars are depldglled.Sloeed is changed, the database signals the scan mode (fast or

our work, we target close to zero probability of interferin o . :
with the radar system. This is achieved by a zone-based %I ;;gilg?riz)‘ and the slice ind&xin which the speed

approach. In our proposetligorithm 1, the different zones
around a radar are modeled as follows. In Zone 1 (which is ) _
a region covering 3 km with a radar station at its centrel- Implementation Using MySQL Software and WARP
opportunistic secondary operation is strictly forbiddémce In Fig. 3, we illustrate the block diagram of the

it can cause interference on the incumbent radar. In Zoseftware/hardware implementation model of the proposed
2, temporal sharing (TS) can take place for radar systemigtabase-assisted spectrum access method. We have usec
that authorize such sharing mechanism. In TS, the users th@ measurement-based radar spectrum usage data to imple-
transmit every time the radar's main beam is pointing iment a real-time rotating radar beam emulator. The radar
another direction. The users stay quiet during Thenterval beam emulator is implemented in Matlab using the Matlab
and also during th@y guard intervalsi.e., (Tg+Ts+ Tg) sec. Mapping Toolbox. A screenshot of the emulator is shown
The use of guard intervals before and after the main beam Fig. 3. The radar beam emulator is connected to the
arrival ensures that the user does not interfere with thexmapectrum database server which is implemented using the
beam pulse or with its side lobes. Moreover, to provide eirthMySQL server software. The database stores user IDs arrd thei

é%sing the proposed framework, a secondary network needs
interact with the database only under two scenarios: 1)
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Fig. 4. a) A WARP FPGA board used in the implementation. b)lfie®e events showing successful implementation of theppsedAlgorithm 1.

latitudes/longitudes information. Based on this inforimatit time DSP-intensive operations requiredAlgorithm 1. Real-

calculates zone information, location slice indgxand rules time events showing successful implementatiorforithm

for sharing as explained iAlgorithm 1. A screenshot of the 1 on the WARP node are illustrated in Fig. 4b. The WARP

MySQL database is shown in Fig. 3. The users obtain tm@de sends real-time event information to the Matlab vieaker

rules of spectrum sharing from the database. A user obtainicommunication port which are plotted in Matlab in real time.

the rules of information and utilizing them to access the

spectrum is implemented using the Wireless Open Access

Research Platform (WARP) FPGA board (see Fig. 4a). The

availability of open source reference design files related t

WARP boards and ease of their modification have motivated

us to use WARP boards to prototype our proposed SA methodIn the following sections, we will present the UCA meth-

At the heart of this design is a Xilinx Virtex-family Pro FPGAods for spectrum sharing across unlicensed and radar bands,

[34]. This family of FPGAs is very well suited for the real-which use the database-assisted spectrum sharing methanis
presented above.



[1l. SYSTEM AND GAME MODEL FORUNIFIED SPECTRUM  of AP i when it selects the null strategylis(g; =0,a_;) = 0.

ACCESS The utility of AP i is given by
A. Network Model 1, aeMA> A
The system model is illustrated in Fig. 1. We consider a U(ai,a-i) = —C, a&&€MAj<Aqgj 3)
network of N Access Points (APs) deployed independently. 0, a=0.

The set of channels 8/ = {1,2,--- ,M}, the set of unlicensed
channels isM, = {1,2,--- ,My}, and the set of rotating radar .
channels isi :{{Mu+17Mu+i,"' Mu+ M}, where 94, U Algorithm 2 Cloud-based UCA

M, = M. An AP can use the unlicensed channels based &h Each APi part

typical unlicensed usage rules, and is allowed to make use

of the radar channels based on the coexistence mechanisfalize: Register with the cloud-based REM.

presented in Section II. Get: Rules for sharing with radar systems and channel utilizaset using

- . - oAt : ; Algorithm 1.
Itis shown in [27]’ [28] that the airtime Utl_“zatlon n WHe_ Select: A channel ke 94, randomly with uniform probability, wheré4, is
less local area networks (WLANSs) determines the resultingine set of available channels.
throughput performance and access latency of the WLANsAccess Channel:

: : : if The selected channélis a radar channghen
The works in ,[2,8]_[30] deSIQned and |mplemente_d metho_d§ When access is allowed, as rule-based access definAthanithm 1,
to measure airtime by an AP. The detailed benefits of using when access is denied stay quigt to the step Select
airtime as a performance metric in WLANs can be found in else _ _
[301_ This, along with other recent works, such as the Worksen;—ri]fe selected channel k is an unlicensed channel and acceshamnel

in [35], motivate us to focus on total airtime utilization anf for each round Ido
AP as performance metric. Communicate, Measure:Communicate with users, and Measurg; A

k ; it Ao,
Let A* represent the total normalized airtime that can be Report: Report Ay; and A to the REM when - 1 and later whenever

utilized by APs on channek. Note that for an unlicensed Agj and Ay; are changed.

channelAk = 1, and for a radar channa@ = 1 in Zone 3, _lfJPLji(ate Uti)lilvil )
k ; K_ i . i g,aj) <1then
A" < 1_m Zone 2'_ qndA =0 in Zone 1'Ad" denOt?S the Collect best response updaefrom the REM and update channel
normalized total airtime demand or total load experienced b Whend; # 0, go to the stepl = | + 1.
an APi (for its connected devices to achieve their target ap- Wheng =0, i.e., best response channel is the virtual changel),

plication throughput levels). The normalized expectetimé els? the stepl =1+ 1 and then to the step Update Utility.

obtained by an AR on a channel when it contends for access Utilize channel k.
in the presence of other neighboring APs which utilize the end if

is i . I=1+1
same channel is given by [36]: end for
) Until The Cloud-based REM notifies no channel can be allocated to a
i | ik P < particular APi.
A i f 3y jccrAdj <A @ icular APi
i = . ! ;
mm{Ad"’ W}’ otherwise 2b) Cloud-based REM part

where K is the set of all APs that have selected channel

k. Aoi can be explained as follows. When the sum of totalfor each competing AR andeach round Ido

airtime demands is less than the total available airtime in gg}nﬁdt:?ﬁeﬁgst response channaldoB each AP |

the channek, then the obtained airtime adfis equal to Its Randomly pick a channe}; out of B channels (when more than one
airtime demand. However, in a channel, when the total agtim  Bi) ,

utilization demand by multiple APs exceed, then theith Notify the update to AP i

. . . . C L. =141
can still expect to get its fair share of the airtime whichts a end for

most—lk—. Until All APs are allocated or no usable channel can be allocated to
|C¥] remaining APs anymore.

B. Game Model For an API, the utility of airtime is equal to 1 when the

Let G — (N,(wi)ieN,(U (aivii))iemv(Ad,i)ieN) define @irtime obtained by the AP is greater than or equal to its

the unified channel access (UCA) g hereA\( fs the set airtime demand. When its airtime demand cannot be satisfied

. o the utility is —c, wherec <« 1 is the penalty of being active
of APs (players)Aq; denotes the normalized airtime demané1 . - . )
of AP i, and y is the strategy set of AR. Each AP can ven though the obtained airtime cannot satisfy the quafity

. service requirement of the AP’s applications, and thetyti
select one of thé channels. In a given round Of. the gameﬁem when the AP stays quiet and does not select any channel.
we also allow APs to opt out of playing by selecting the nu

strategy, i.e., stay quiet and not select any channel. WhenRemark I1l.1. In the proposed UCA game, when in a channel
AP selects the null strategy we say it has selectedvitigal the total airtime utilization demand by multiple APs exceed
channelwhich is denoted by = 0. In other words, the set of the channel’s total airtime, then an AP i withyA< 1/|CX|

pure strategies for an AP (7 = {0} UM, and the vector of can still be satisfied and obtains the utility of one, whereas
their action profiles is given bgg= (a1, ap, - ,an). The utility AP j with Ay j > 1/|C¥| cannot be satisfied and will obtain a



utility of —c. denote the total utility of a sef of APs which select channel
k then M is given by

K K, Ky
IV. CLOUD-BASED UCA METHOD MG = Y(C*Ui) = Y(C\ i) (6)

A. Algorithm For each best response update rule, we consider two sce-
narios to initialize the cloud-based channel selections: 1
For the proposed cloud-based UCA method, the APs affs scenario in which the cloud respects the initial random
connected to a Radio Environment Map (REM) repositoishannel selection of APs. This scenario is denoted by RIS.
entity (illustrated in Fig. 1). The general concept of REMrhe cloud starts with the lowest indexed AP, and it performs
was first introduced in [37]. REM is defined as a collectioBest response for APs in increasing order of their indiced; a
of network entities which enhances the awareness of accegshe scenario in which the cloud does not respect the linitia
points and/or users by providing them information aboulrthgandom selection. This scenario is denoted by NIS. The cloud
radio environment. Using low-overhead information exan injtially assigns the null action strategy to each AP. Itfpems
signals, the entity implements the radar spectrum datab@g&t response for each APby sorting the APs in terms of
decisions and also assists the network of APs to arrive at @@ir increasing airtime demands and starts with the lowest
equilibrium in few roundsAlgorithm 2 describes the main zjrtime demand AP.
steps involved in the proposed cloud-based UCA method.  The UBR and the MBR rules for an AP lead to the following
interesting remark relating to the UCA game.

B. Equilibrium and Convergence Properties Remark IV.1. When an AP i updates its channel selection

We next show the equilibrium and convergence propertié@Ing best response update, and the total airtime utikrati

of the proposed cloud-based UCA method under differe'ﬁ}that channel exceeds‘Alue to the channel selection of AP

scenarios. Before presenting the formal proofs we firstepres :\/lg]sr][hl) \:\;he:l:;th,e bestt Tgsf.o”s.e f[“'hpdtatﬁ 'S p(Trf ormed t.usmg
some definitions related to the concept of potential games. en the 'S contribution In that channel 1S negative,

2) Under the same scenario, when the best response update is
Definition 1. Let us consider an action update which onlyperformed using UBR then the AP i's utility can be one, when
involves one AP i changing its action, while all other APg&y; < 1/|C¥.

keep their action choices unchanged. Then we say that a
action g for AP i is abetter response update for AP i to the
joint action profile(a,a_;) when

r}\Iext we show that the proposed cloud-assisted UCA game
has at least one NE and the proposed method terminates in an
NE. In Fig. 5, we provide illustrations to help understanevho
U(a,a-i) >U(a,ai). (4)  the proposed method enables users to converge to an NE for

Definition 2. An update is abest response update if it different scenarios.

improves AP i's payoff to the maximum possible value amofiieorem Iv.1. Under the RIS scenario, the proposed cloud-
all better responses for AP i to the joint action profi,ai).  assisted UCA game has at least one pure Nash equilibrium

Definition 3. A pure action profile is aNash Equilibrium &ction profile for both UBR and MBR rules.

(NE) if no single player can obtain a higher payoff byoroof. We show that the proposed game isganeralized
deviating unilaterally from this profile, i.e., ordinal potential game for both UBR and MBR rules, i.e.,
U(&,a i) <U(a,ai),v4 € Vi e A (5) the game admits a generalized ordinal potential. A function
I , . @4 is a generalized ordinal potential for the gardf AP i
Definition 4. A better reply path is a sequence of action obtains a better utility by performing best-response fram a

profiles in which one AP moves at a time and that AP increasgétion to another one, the potential function increases this
its own utility, whereas &est reply path is a better reply path deviation as well. i.e

with the additional requirement that each unilateral deioa Lo L Lo L
is the result of a best response update. U&,a-i)-U(@,a) > 0==og(&,a) - Pg(a,a-i) >0,
. Va;, & € Y andVa_; € Y_;.

Under the proposed cloud-based method, we consider two (6)

different best response update rules for channel seleqtign

utility based best response (UBR) update rule in which a b

response update is performed by taking into account only A

AP's own utility given in Eq. 3; (2) marglngl Con_tr'bUt'onresponse from an action to another one, the potential famcti

based best response (MBR) update rule in which a b‘?ﬁ&reases with this deviation as well. ie.

response update is performed by taking into account an AP’s T

marginal contribution. The marginal contributigMC) of an .k ‘ ]

AP i with respect to a channélis defined as follows. MCi — MG > 0=®q(a;,a-i) — Pg(a,a-i) >0, 7

Vaj,a € Y andva i € i,

For the marginal contribution defined in Definition 5, a func-
n ®g is a generalized ordinal potential for the game if AP
Bbtains a better marginal contribution by performing best-

Definition 5. The marginal contribution (MCK) of an AP i -,
with respect to a channel k is defined as the total utility witvhereMC; is the marginal contribution after performing the
it minus the total utility without it on that channel. L¥¥¥)  best response.
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i [l
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User wnhAd 0.5 not satisfied
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@i@

Scenario a)

=2-c, ¢?= o,
User wnhAd 0.55 not satisfied

1¢"= 1¢"=

Step 1

Unlike utility case, user cannot

affect the other satisfied user

~Best response for the unsatisfied
user is now channel v

Step 2

S
Best response for the unsatisfied
user is channel v

Best response for the unsatisfied

user is channel 2

9t=2¢2=2¢"= =2,02=2¢"= t=2¢2=1¢"=0,
Total potentialdga(2) > Pg, a(1) Total polenualﬂvgl a(2) > wg a(l) Total potential®g a(2) > Pga(1)
Scenario d) Scenario e) Scenario f)

MC based decision

Fig. 5. lllustration of how the proposed cloud-based metkoebles users to converge to an NE for different scenarideruboth UBR ruand marginal
contributions-based decisions. Each ball represents aantiReach bin represents a channel. The number inside eddlefralsents an AP’s airtime demand.

It was shown in [38] that every finite generalized ordinaAPs which select channél
potential game, i.e., a potential game with a finite number of The total network potential under the UBR is given by:
players each of which has a finite set of actions, has at le&st o Dys(a) = (pk(a) 9)
pure NE profile. In such games, an NE is a local maximum ¢ ke {01} ’
for the potential. Moreover, every finite generalized oadlin Potential function under the MBR ruléormally, the de-

potential game has thénite best-response |mpr0vement Ped total potential function under the MBR is given by:
property if the players keep performing asynchronous bes

response updates, i.e., the players improve their actioites Pya(a) = 0“(a), (10)
by best-response one at a time, then the system will evéyntual ke{0.5}

reach a pure NE, as any sequence of improvement stepswiiere

players is finite, and any maximal such sequence terminates ¢ (a) = > Mct (11)

ieck

In the proposed UCA method, the cloud keep performing N€Xt, we verify the property in Egs. (6) and (7) for the
asynchronous best response updates, i.e., the cloud iegrdyBR and the MBR rules, respectively. For the UBR rule,
the APs’ action choices one at a time, then it is easy to see tH{1€n an APi whose demand is satisfied, i.&l(aj,a-i) = 1

the system will eventually reach a pure NE for the generdliz& the current channé, then it remains in the same channel
ordinal potential game. since it cannot increase its utility any further. We see that

in this case no change in utility corresponds to no change
Potential function under the UBR rul&ormally, the defined i, total potential. When the cloud selects a new channel as
potential function for channek under the UBR scenario is 5 pest-response for an APwhich is not satisfied, then the

in an NE.

given by: utility of AP i either increases to 1 when there is a channel
Ak N (A/Aa)) available that can satisfy APs demand, or it increases to
Fa@=3y <[§J) U(a,ai), (8) 0 (from —c) when there is no available channel. The best
ieck ! response for the no available channel case is to allocate AP

wherea is a vector of action profilesC* denotes the set of i to the virtual channel (null strategy). The inner sum of the



potential function corresponding to chanke(which is now Formally, the exact potential functions are given by:
unused by APi) picks up an extra value equal to at least ®o(a) = ¢ (13)
(L%J)(LAk/AdJDc, and either increases the potential function «2) kezg\[ @)
value of the corresponding chantkekhich is now used by AP where
i or keep_s the pqtential function value same, when the selecte Sicc«U(ai,a i), for the UBR rule
channel is the virtual channel. Thus, the left-hand sideaf E (F’E(a) = K
. . o YieckMC,for the MBR rule

(6) isU(&,a-i) —U(a,ai) > 0, which is exactly the same y ]
as the right-hand side of Eq. (6). Next, we verify the property in Eq. (12). When the cloud

Under the MBR rule. thCK of AP i on current channel Performs asynchronous best response updates for APs in the

! i

k can take one of the following values: the value of 10rder Of their increasing airtime demanég,i > Aq j >,--- >

which happens when the APhas moved td which satisfies 24 then initially all APs are allocated to the virtual channel

its airtime demand and also does not make any other Ay the cloud. In this case, the initial potential of the syste

unsatisfied in the same channel, value of O (when thei APS 2€r0. In each of the next steps where an AP's action can

has moved to the virtual channel), and a negative value (whdh UPdated to a new channel with the best response rules,

the APi has moved to a channel which makes one or mola€ AP’s utility/marginal contribution is increased by Ida

other APs unsatisfied). When an APhas MCK = 1 in the W€ Can also see that the inner sum of the potential function
: =

current channel then it will remain in the same channel asq9rresponding to ch_annkl(in which the AP is allocated due
cannot increase its marginal contribution any further. \afe st© Pest response) picks up an extra value equal to one. Thus,

that in this case no change in value corresponds to no changgg' (12) is satisfied.

total potential. When thCK < 1 and the cloud selects a new_ GIVen the exact potential functiore(a), the proof of
channel as the best-response for aniAEhen the inner sum Theorem is easy. Since a cloud-based best response ircrease

of the potential function corresponding to chankefwhich the potential function, from finiteness, it cannot perptjua-
is now unused byi) strictly increases its value by at leasfrease, and the game under the cloud-assisted UCA converges

NE.

(14)

¢, and either increases the potential function value by one gran
the corresponding channklwhich is now used by AR or O
keeps the potential function value the same, when the select One important consequence of the above two theorems is
channel is the virtual channel. Thus, the left-hand side @f Ethat the cloud-based method provides solution to APs wisich i
(7)is l\/iCik— MCK > 0, which is exactly the same as the rightan NE. Hence, no AP has an incentive to unilaterally deviate
hand side of Eq. (7). from the cloud-based channel selections. Under the ordered

Given the generalized ordinal potential functiog,s(a) best response updates, the best response for an AP is either
and ®g,a(a), the proof of Theorem is easy. Since a cloudo be allocated to a channel which can satisfy its demand or
based best response increases the potential function, frenpe allocated to the virtual channel when its demand cannot
finiteness, it cannot perpetually increase, and the gamerunlde satisfied.
the cloud-based UCA converges to an NE.

O C. Convergence to an NE, Convergence time, and Information
Exchange Overhead
Theorem [V.2. Under the NIS scenario, when the cloud |n the proposed algorithm, each AP and the REM
performs ordered best response updates for the APs whigpository exchange two types of low-overhead information
is the specific order of their increasing airtime demands,, i. messages: 1) static information messages, such as location
Adi > Adj >+ ,> Adgn, then the proposed UCA game folinformation and transmission power characteristics, tviice
both UBR and MBR rules is aexact potential game. In other  exchanged only the time when an AP is activated and regis-
words, the cloud-based UCA method terminates giving an Néred with the REM repository; and 2) dynamic information
action profile. messages, such as a change in airtime derfancbf AP i,
Proof. A function @, is an exact potential for the gantz if F:han_ge in its utility and a best response update due to cha.nge
Vi in utility. The best response updates are sent when there is a
change in one or more AP’s airtime channel utilization. It is
. . easy to see that under the NIS scenario it také®st response
U(&,ai)—U(a,a) :q)e(a,i,a—i) — O(ay,ai), (12) decisions for the network to arrive at an NE. Underpthe RIS
Ve, a € i andva i € Y. scenario, it takes no more tham 2oest response decisions

Every finite exact potential game has fivéte improvement for the network to arrive at an NE. The two-fold increase
property; if the players keep performing asynchronous bettér the number of decisions is due to the reason that after
response updates, i.e., the players improve their actioiced initial random channel selections by each AP, when the cloud
one at a time, then the system will eventually reach a pure Nerforms best response updates then it may happen that: 1) In
Any sequence of improvement steps by players is finite atite firstN updates, one or more APs which were unsatisfied
any maximal such sequence terminates in an NEaldgnote in the initial random selection have best response updates t
the action profile that is a local maximum for the potentiathannels where they can be satisfied. Then some other APs
Then no unilateral deviation by any player can increds@). which have lower airtime demands (than the best response
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updated APs) but are also unsatisfied due to initial randddbservation IV.2. For the considered cloud-based game, the
selection are moved to these channels and make the preyviol®DA is not less than 0.5 as the optimal solution (that maxi-
best response updated APs unsatisfied; 2) In the sebbndnizes the total sum utility) cannot satisfy twice or morentha
updates, the unsatisfied APs are best response updatedwioe as many users as compared to the solution with the worst
channel where they can be satisfied or move to the virtUdE. The worst NE configuration can occur when the cloud
channel. In Fig. 5 (scenario c), we provide an illustrativeespects the initial random selection of the APs. For exanpl
example where a best response update of an AP can maken there is considerable difference in airtime demands of
other APs unsatisfied. the APs and the cloud respects the initial random selection

. . of channels, then it is possible that each AP which has a
Remark IV.2. It is important to note that measuring conver - e L
: . ) . e low airtime utilization demand selects a separate indiaidu
gence times of a new algorithm in real time units is nons ; .
o . . : . channel and blocks the APs with higher demands. Let us
trivial as it requires some careful attention to detail. To ; .
L . onsider the case where there are 10 available channels and

have some insight into the convergence performance of

A ; . . . competing APs. Each of the 10 APs has airtime demand
proposed cloud-based UCA algorithm in real time units, We 10% of a channel, and the remaining each of 10 APs

need. to (.)OFISIdE‘.I‘ thg four main operations in the PrOROS e mand 95% of a channel. Initially, each of the 10 APs with
algorithm: 1) estimation of airtime demand for each AP. Thi - .
. . : - Tower airtime demand can randomly select channels in a way

can be achieved by using estimates of airtime consumption )
: S S : that each of 10 APs selects a different channel and each

due to a particular application which is being used by a user

device connected to an AP. Practical real time implemeaotati gets satisfied while blocking all the other 10 APs. On the

) -~ . . ~Qther hand, the optimal solution can allocate 10 APs with
complexity of such airtime estimates are shown in [39]; - :
o N .10% airtime demand in one channel and allocate a separate
measurement of total airtime utilization by an AP on it§

channel for each of 9 APs with 95% airtime demand. The POA
selected channel. In our work [33], we have demonstrated , . : —

: : L .11 this case is 0.53 which is not less than 0.5.
an implementation of airtime measurement module on a Xilinx

FPGA. The implemented module takes only a few milliseconds__ _
to calculate airtime usage in a channel; 3) calculation ofbe Algorithm 3 Distributed UCA method
response updates by the cloud for N APs. The cloud needlg't'?"ze: Register with the Database. o
f N tha®N best r n dat et: Rules for sharing with radar systems and channel utilizaset using
to perform ~or no more tha est response updates. ajgorithm 1.
The computation power of modern processors will take in theSelect: A channel ke 94, randomly with uniform probability.
illi i ccess Channel:

range o_f m|!llseconds to perform the required best responsel’f* The selected channilis a radar channdhen
calculations; and 4) exchange of Iow_ qverhead messages be- \when access is allowed access ushgorithm 1,
tween APs and the cloud, such as a airtime demand/utilizatio ~ When access is denied stay qui€o to the step Select)
change in utility and a best response update due to change if§!s¢

ili 9 hi y he i i i P 9 The selected channel 'k’ is an unlicensed channel and adbesshannel
utility. This depends on the link quality between an AP andg,q it

the cloud. Typically, this can be achieved in as short time aSor each round Ido

few milliseconds Communicate data, and Measure:
' Communicate usindlgorithm 1, measure 4, Ao
Update Utility
D. The Price of Stability and Anarchy (POS and POA) iU (&,a-) <1then

Sequentially measur,; of My other channels apart from the current
Up until now, we have been focussing on how APs playing \lj{,the,\rAeM" 60[07\ Mfa\ -1]. som channel selecti
: . enM, == 0, perform random channel selection.
together in the proposed CI_OUd'based game a_lrrlve at an NE. WhenM, > 0, calculate best response updatefrom the measure-
However, what can be said about the quality of the NE ment

outcome that has been reached? This is whereptie of if & # 0 then N ,
Select with probability p a channel out of best responseoogti

anarChy(POA) qndprice of stability(POS) come in. The POS Use the best response channel. With probabllity- p) select the
and the POA with respect to NE are given, respectively, by virtual channel.
else
POS= value Of.beSt NE _ Update best reply ag; =0, i.e., stay quiet. Go to stdp=1+1
value of optimal solutioh and then to the step Update Utility.
and end if
POA — value of worst NE else
~ value of optimal solution enéjﬂcl'ze the same channel k
Thus using the POS and the POA concepts, we would like to né ?O'rH

examine how good the solution represented by the best/worst
NE of the proposed game may be, relative to the optimal

solution. To do this, for the considered game, we choose to
examine the optimization goal where we maximize the total V. DISTRIBUTED UCA METHOD

utility of the system. Different from the cloud-based method, in the distributed

Observation IV.1. The considered cloud-based UCA gameethod each AP takes autonomous channel selection deci-
hasPOS = las the optimal solution (that maximizes the totadions, i.e., it does not take assistance from the cloud mger
sum utility) can always be achieved in an NE point. of channel selections. Due to distributed channel selestio
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APs now make simultaneous channel selection decisionstls simultaneous best response for both the unsatisfied APs
compared to the cloud-based method where the cloud danto select the virtual channel as both cannot be satisfied
perform asynchronous best response decisions on behalheither in channel 1 nor in channel 2. In round 3 of the game,

the APs. both APs will find channel 1 to be their best response as both
will measure the channels simultaneously and both will find
A. Algorithm channel 1 can satisfy their demand. Wher= 1, both APs

. . . . will move to the channel 1 simultaneously and both will not
In Algorithm 3, we present the main steps involved "he satisfied. The process is repeated for ever and hence an NE
our distributed UCA method in which each AP only collects ' P P

information related to the radar spectrum from the databactgInnOt be reached. This is contrary to the initial assumptio

Note that when an AP has selected an unlicensed channe ﬁt the distributed UCA method is guaranteed to converge to
. . ) . an NE forp=1. O
does not requires any interaction with the database. In this

method, we consider two different scenarios to compute theWhen the APs can measure at least one other channel (apart
channel selections for each AP1) a scenario in which an from the one they have selected in a given round), then for
AP i can only measure the airtime utilization of the channel i < 1, the problem of entering into a cycle forever can be
selects in a given round. Note that in this case, when an APsiglved, since randomization in decisions helps multiples AP
unsatisfied in a given round, then in the next rounds, it cay oo make asynchronous channel selections. For instanckein t
perform random selection out of other channels (until it cazonsidered Scenario b of Fig. 6, when APs utilize 1 and/or
get satisfied) as it has no airtime utilization knowledgetbeo they can measure at least one channel apart from the selected
channels; and 2) a scenario in which in a given round, an AfRannel, there is a non-zero probability that one of the tws A
i can measure the airtime utilization of the selected chanmell first measure/select channel 1 and get satisfied, whide t
and also some other channels. In this scenario, in a givether AP will measure it later and will find that it cannot be
round, when an AR is not satisfied in the selected channgatisfied, and as a result will not select the channel. In this
it measures some other channels. In the next round, it selegty, the APs can arrive at an NE.
with probability p € (0,1] one of the channels it measured In Fig. 7a, forN =56 APs, we evaluate the impact of pa-
in the previous round (in which it can be satisfied), if anysameterp on the performance of the proposed distributed UCA
otherwise, it selects the virtual channel (the null strgfeg  method in terms of average sum utility. In Fig. 7a, the APs can
measure one extra channel apart from the channel they select
B. Condition for Convergence to an NE, POA, POS, and tfi@r access. It can be seen from the figure that lowepr@n
Need for Regular Updates improve the sum utility for distributed UCA under scenarios

where the total airtime utilization demands of users exceed

Remark V.I. It is easy to see that the scenario where e total airtime capacity of all the channels. Howeverait ¢

AP i can only measure the airtime utilization of the chann%l also seen from the figure that this improvement in the sum

it selects in a given round and performs random channgl... ~. :
selection, the proposed distributed UCA method is not adway lity is only va!|d for some vglues O.b’ as for very IOW_
alues ofp, the likelihood of trying to find a new channel is

guaranteed to converge to an NE. For example, when airtime

o significantly reduced which in turn can reduce the sum wtilit
demands of one or more APs cannot be satisfied, they . . : :
. : - . e results in the figure show that for the considered scenari
increase their utility by keep performing random channel

. . . ) = 0.5 results in rformance in terms of aver m
selection/access in every round. By doing this, they caremaﬁi 0.5 resuilts in best performance in terms of average su

i . . ility. In Fig. 7b, forN =56 APs, we evaluate the impact of
other APs unsatisfied _due to which the other APs will alsé)arametenvlo, i.e.. the number of measured extra channels,
perform random selection/access, as a result in some rqungs o

L - on the performance of the proposed distributed UCA method
the unsatisfied APs can be satisfied. . I . .
in terms of average sum utility. In Fig. 7b, the APs utilize
Theorem V.1. When the APs can measure at least one other= 0.5 for channel selection. It can be seen from the figure
channel apart from the channel they have selected in a givérat when the APs can measure only the channel which they
round, then the proposed distributed UCA method is nbave selected to access, i.8l, = 0, then the number of
guaranteed to converge to an NE for=pl. satisfied APs is around 19 APs; however, the number increases
Ao around 33 APs for the cases where APs can measure one

Proof. Assume to the contrary that the distributed UC
or two extra channels apart from the channel they access.

method is guaranteed to converge to an NE ffiee 1. Now
let us consider a 5-AP, 3-action (two real channels plus a
virtual channel) distributed UCA game willy 1 = Ag 2> = 0.4, _ )
Agz = Ags =05, Ags = 0.3, and total airtime of channelsA- Simulation Methodology

Al = A =1 (see Fig. 6 (scenario b) for illustration). Initially, Through simulations, we evaluate and compare the perfor-
AP 1, 2, and 5 select channel 1 whereas AP 3, and 4 selewnces of the proposed distributed and cloud-based UCA
channel 2. In channel 1, the total airtime utilized by thee¢hr methods under the UBR and the MBR rules. We evaluate
APs exceeds the total available airtime in the channel ahd ottheir performance in terms of average sum utility and awerag
AP 5 can be satisfied. In channel 2, the total airtime utilizesirtime use of satisfied APs in percentage. For the disgtbut
by the two APs does not exceed the total available airtime WCA, we also evaluate the impact of the number of extra mea-
the channel and both APs can be satisfied. In the next rousdred channels. Moreover, for each best response update rul

VI. NUMERICAL PERFORMANCEANALYSIS



All demands can be satisfied
User withAg = 0.55 not satisfied.
All other users are satisfied.

Scenario a)

12

Autonomous User Decisions

When demands cannot be satisfiedAn example of a cycle)

Two users withAg = 0.4 not satisfied In the next step (whem = 1) both users measure

channel 1 both perceive that they can be satisfied
in channel 1. Both simultaneously move and
both remain unsatisfied. This leads to cycles

(p < 1) helps solve this problem as instead
of simultaneous decisions users now use

0
H . randomization in decisions. However, this

Both measure channel 2 both find  can still cause conflict and slows convergence,
cannot be satisfied. Both smultaneou:ﬂyany_

‘ move (whenp = 1) to the virtual

channel v

Scenario b)

The cloud can perform better than autonomous
decision

Fig. 6. lllustrations to help understanding how distriltli#®Ps when they take simultaneous decisions may not conwesihtNE, and how the proposed
distributed UCA method enables users to converge to an NHiffierent scenarios. Each ball represents an AP and eadtepiasents a channel. The number
inside each ball represents an AP’s airtime demand.

w
a

we also consider both RIS and NIS scenarios for performance
evaluation. In all considered scenarios, eaciNOAPs has an

w
S

N
a

N
o

Average sum utility

airtime demand which takes values frofa; € (0,1). In a
radar channel, a maximum of 3 APs at a given location are
allowed to operate in Zone 2 of the radar system.

To evaluate how effective the proposed methods are as
compared to an optimal solution, using simulations, we also
compare their performance with an optimal sum utility or
an optimal system welfare (based on marginal contribujions
outcome in which the cloud finds the global maximum NE for
the particular scenario. We will show in the results that the
difference between the equilibrium outcome of the proposed

0 5 10 15 20 25 30 35 40
Step number

@

methods and the global maximum is small. Note that in
practice, it may not be efficient for the cloud to find the globa
maximum for a network of independent competing APs. This
is due to the reason that unlike the proposed methods, finding

45 50

35

301

—a— distributed UCA, M =0
—&—— distributed UCA, MD =1
—o— distributed UCA, M0= 2

N
o

Average sum utility

N
=)

the global maximum can be computationally intensive for the
cloud as it requires the exploration of sheer number of ptessi
combinations.

B. Sum Utility, Airtime Utilization, and Convergence Résul
In Fig. 8a and Fig. 8b, for the considered parameters, we

evaluate and compare the performance in terms of airtime
utilization of the proposed cloud-based and distributedAUC
method under different scenarios. We also compare their

10 20 30 40
Step number

(b)

Fig. 7. a) ForN =56 APs, we evaluate the impact of paramepeon the

w performances with an optimal solution. In Fig. 88ase
1 represents scenarios which take into account the impact
of rejection steps, i.e., a channel selection by an AP can
get rejected as its selection may have exceeded the allowed
number of APs in the radar channel in a given aGase 2

performance of the proposed distributed UCA method in tesfeerage sum represents scenarios which ignore the impact of the rejecti

utility. Each AP can measure one extra channel apart fronchiaanel they
select for access. b) Fof = 56 APs, we evaluate the impact of parameter
Mo, i.e., the number of measured extra channels, on the peafarenof the
proposed distributed UCA method in terms of average surtyutithe APs
utilize p= 0.5 for channel selection. In both figures, each AP has an airti
demandAg; € (0,1). There areMy = 8 unlicensed channel$); = 4 rotating

radar channels.

steps. In all the scenarios of Fig. 8a and Fig. 8b, under the
distributed UCA it is considered that APs can measure one
extra channel apart from the channel they select to acceds, a
Malso they usg = 0.5 for channel selection. In Fig. 8a, there
areN = 26 competing APs. It can be seen that, in terms of
airtime utilization, when the cloud-based UCA utilizes MBR
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Fig. 9. Average sum utility performance under differentregés for the
Fig. 8. Airtime utilization performance for satisfied APsdan different cloud-based and distributed UCA methods whép= 8 unlicensed channels,
scenarios for cloud-based and distributed UCA methods whign= 8 M, =4 rotating radar channels: a) Wh&h= 26 APs, andVl, =1, p= 0.5,
unlicensed channeldl; = 4 rotating radar channels: a) Whéh= 26 APs, for distributed UCA method; b) WheN =56 APs, andVl; =1, p= 0.5, for
andM, =1, p= 0.5, for distributed UCA method; b) Wheld =62 APs, and the distributed UCA method.
Mo =1, p=0.5, for the distributed UCA method.

It can be seen in Fig. 8 and Fig. 9 that, on one hand, in

rule, it outperforms utility scenarios under both cloudséd terms of airtime utilization, the method using RIS outparis
and distributed methods. Moreover, it can be also seentlikat the scenarios where NIS is used. On the other hand, in terms
optimal solution results in 98% utilization of total avdila of average sum utility, the method using NIS outperforms the
airtime of all channels, the cloud-based UCA method resulisenarios where RIS is used. This is due to the reason that the
in 95% utilization of total available airtime of all chaneel NIS scenario always allows APs with less airtime utilizatio
and the distributed UCA results in 85% utilization of totato be allocated first. This in turn can increase the sum itk
available airtime of all channels. more more APs with low airtime utilization can be allocated,

Our results show that the RIS and the NIS scenarios caf compared to the RIS scenario where APs with high airtime
have different impact on the cloud-based channel selextioHtilization can also be allocated first.
For example, it can be seen in Fig. 8a that the MBR rule underin Fig. 8b, we evaluate the impact of increasing the number
the NIS scenario gives less airtime utilization, as comgharef APs on the airtime utilization performance. In the figure,
to the MBR rule under the RIS scenario. This is due to thbe number of APs is increased to 62 for different scenarios.
reason that under the NIS scenario the APs with low airtime can be seen that the increase in the number of APs has
demand are allocated first, and if there are not enough alailaeither little or no impact for the cloud-based methods where
channels with sufficient airtime to satisfy all APs, the AHthw the distributed UCA methods’ performance under case 1 is
high airtime demand can be blocked by the low demand ARsgnificantly reduced. This is due to the reason that whiée th
However, under the RIS scenario, it is possible that somle higloud-entity has better knowledge of how many APs in a given
airtime demand APs are allocated first which can increase tea are allowed to operate in a rotating radar channel and ho
total airtime utilization of the network. It is important tiote many APs have selected a channel, this information is not
that although this increases the total airtime utilizatidrthe available to the APs using the distributed UCA. In each step,
network, this can decrease the sum utility in the network #sa distributed AP selects a radar channel its selection can
our results show in Fig. 9. get rejected as its selection may have exceeded that allowed
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Fig. 10. Counterintuitive results for distributed UCA whishow that the
ability to measure many channels can decrease the averageitdity and
airtime utilization, as compared to when APs can measurg feal channels.
Each AP can measundl, extra channels and each bf=52 APs has an
airtime demand, wheréy; € (0,1). There areM, = 8 unlicensed channels
and M, = 4 rotating radar channels.

number of APs in the channel in a given area. In Fig. 9b, we

also compare the distributed UCA's performance excludirgg t
rejection steps (case 2 in the figure).

In Fig. 9a and Fig. 9b, we evaluate the performance of ;pgower levels with their clients on a channel. Another pdssib

proposed methods in terms of average sum utility. In Fig.
we evaluate the performance when there ldre 26 APs in
the network, and in Fig. 9b when there axe= 56 APs.
It can be seen from the figure that fof = 26, both UBR
and MBR rules for cloud-based method results in close
optimal performance. It can be also seen thatNot 56, the
performance of the distributed UCA degrades. It can also

seen in Fig. 9b and Fig. 8b that the distributed UCA methogi] Qualcomm.
requires more steps to converge than the cloud-based method [Online].

C. A Counterintuitive Result

In Fig. 10a and Fig. 10b, under the distributed UCA metho
we show that when the APs can measure all the chann
(Mo = 11 other channels), this reduces the average sum util
in the network and also reduces the total airtime utilizgtio
as compared to when the APs can measure Bhly=5 other
channels. This counterintuitive result stems from inceeas

d
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likelihood that multiple unsatisfied APs can select the same
channels as their best response and is explained as follows.
When there are multiple unsatisfied APs and they can measure
either all or most of the available channels, then the Iiicgid

that two or more APs select the same channel as their best
response increases which in turn can make them remain
unsatisfied. However, when an AP can measure only few
channels, it is more likely that different APs have differen
best responses which in turn avoids conflict among the APs.
By comparing Fig. 7b and Fig. 10a it can be seen that when
the number of APs in the network is large, then for the first
50 to 100 steps, the scenario where an AP can measure only
its own selected and the scenario where it can measure all the
channels, both can significantly reduce the performanckeof t
distributed UCA method. On the other hand, it can be seen
that when the APs can measure few channels (even only one
extra channel) the proposed distributed UCA method shows
significant increase in performance.

VIlI. CONCLUSION AND FUTURE DIRECTIONS

We have designed distributed and cloud-based unified chan-
nel access (UCA) methods which enable multiple competing
access points (APs) to efficiently utilize the spectrum ssro
unlicensed and rotating radar spectrum bands. Based on spec
trum usage results from our measurements campaign, we have
presented a database-enabled spectrum sharing mechanism
with rotating radars which is exploited by the UCA methods.
We have also presented a proof-of-concept prototype imple-
mentation of database-assisted spectrum access mechanism
We have focused on a key metric afrtime utilization for
the network, and have modelled the network of multiple
competing APs as a UCA strategic game in which the APs
attempt to maximize their utilities. We have shown that the
cloud-based method takdksteps to converge to an NE under
certain scenarios, and takes no more thahs®ps under all
scenarios.

One of the extensions we envision for this work is to
study the impact of scenarios where APs are allowed to
Use interference-aware transmit power control to negotiat
extension to this work can be the study of multiuser channel
access/selection in unlicensed and SA frequency bands for
the scenarios where some radios are capable of full-duplex
%)mmunications.
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