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Abstract— We present the CROWN (Collaborative ROuting,
scheduling and frequency assignment for Wireless ad hoc Net
works) scheme. CROWN is a cross-layer optimization approdc
for spectrum-agile nodes to adjust their spectrum allocain and
transmission scheduling according to the underlying traffc de-
mands. Instead of choosing the optimal route based on predet
mined transmission scheduling and frequency assignment seilts,
CROWN incorporates the efficiency of the underlying frequercy
assignment and scheduling information into the routing metic
calculation, so that the route with the maximal joint spatid
and frequency reuse is selected. Simulation results show dh
CROWN efficiently exploits the frequency diversity and spaial
reuse features of spectrum-agile radios.

I. INTRODUCTION

J.J. Garcia-Luna-Acevés
ji@soe.ucsc.edu

*Palo Alto Research Center (PARC)
3333 Coyote Hill Road
Palo Alto, CA 94304, USA

in terms of spatial and frequency reuse. We incorporate
the efficiency of the underlying frequency assignment and
scheduling information into the routing metric calculatiso
that the route with the maximal joint spatial and frequency
reuse is selected. The rest of the paper is organized asvillo
Section Il describes the related work. Section Il introesic
the details of CROWN (Collaborative ROuting, scheduling
and frequency assignment for Wireless ad hoc Networks).
Section IV evaluates the performance of CROWN through
simulations. Section V concludes the paper.

1. RELATED WORK
There has been considerable work on joint routing, schedul-

Frequency assignment, routing and scheduling are deperg and channel assignment, and due to space limitations

dent on each other in wireless networks, and the input

ofe can only focus on a small sample of this work. The

any component is partially decided by the outputs of theast majority of the previous work consists of centralized
other two components. Hence, to fully leverage spatial amagproaches with some distributed heuristics [1] [2] [3] [4]
frequency diversities in ad hoc networks, frequency assigpb] [6] [7] [8] [9].

ment, routing and scheduling must be solved as a joint, andTam et al. [10] propose a joint multi-channel and multi-

this poses several challenges. Among the questions thdt npeth control protocol (JMM). JMM coordinates channel usage
be answered we have: How should the available spectr@mong slots using a receiver-based channel assignment and
be allocated according to the traffic demands? What malkashedules transmissions along dual paths. JMM uses a goutin
a transmission scheduling efficient in terms of both freqyenmetric which explicitly accounts for the disjointness beém
diversity and spatial reuse? How should the MAC and netwopaths and interference among links to select two maximally
layers interact to exploit frequency diversity and spatéalse disjoint paths. Wu et al. [11] propose a channel cost metric

at both layers?

(CCM) which reflects the interference cost and channel diver

We propose three mechanisms to address the above praities. Based on CCM, a distributed joint frequency assigmm
lems. We introduce a heuristic approach to dynamically stdjuand routing protocol is proposed.
spectrum allocation according to the traffic demands andThere are several proposals addressing the joint routing
achieve fairness across different links. We propose a uhifiselection and spectrum assignment issues in cognitive radi

metric, which we calltransmission fraction, to evaluate the
efficiency of the joint spectrum allocation and link schédgl

1This work was partially sponsored by the U.S. Army Researdfic®
under grants W911NF-04-1-0224 and W911NF-05-1-0246, leyNhational
Science Foundation under grant CNS-0435522, by DARPA tiiroAir Force
Research Laboratory (AFRL) Contract FA8750-07-C-0169 layrthe Baskin
Chair of Computer Engineering. The views and conclusiongained in this
document are those of the authors and should not be intethastrepresenting
the official policies, either expressed or implied, of thefése Advanced
Research Projects Agency or the U.S. Government.

networks. DORP [12] employs on-demand routing that co-
operates with a spectrum-assignment module. DOSS [13]
proposes a collaborative approach in which a source node
finds candidate routes through standard route discovery pro
cedures. For each candidate route, DOSS finds all feasible
frequency assignment combinations and estimates thecend-t
end throughput performance. It selects the route and clhanne
assignment that results in the best throughput, and schgdul
conflict free channel usage for this route. The source nogie th



broadcasts the decision to all the nodes on the route. Howeweith the highest priority is elected to obtain the corregfiag
all these proposals rely on the IEEE 802.11 MAC protocdlrequency block, and it sends a Frequency Allocation Relques
and do not exploit the spatial-reuse of the system. (FAR) packet. The FAR packet from nodestates its: (a)
Our survey of prior work reveals that the joint optimizathe minimal data rate requirement;() for each link (4, j)
tion of routing, scheduling and frequency assignment usitigat has packets to send, (bgighbor information consist-
spectrum-agile radios remains a problem yet to be solved. ing of its one-hop neighbor list and two-hop neighbor list,
and (c) the existing transmission scheduling and frequency

I1I. DISTRIBUTED JOINT FREQUENCY ASSIGNMENT assignment result, which is indicated frgquency allocation
ROUTING AND SCHEDULING table (FAT(f, Af,t) = {(u,v),...}). It states the spectrum
A. Problem Formulation and Assumptions [f, f + Af] is occupied by link sef(u,v),...} at time slot

We assume that there a¥é radio interfaces at each node,t'

and that all radios operate on unlicensed bafdsF.]. We The size of the mini-frequency block needs to be big

focus on how to efficiently exploit the available spectrurffough to send an entire FAR packet (how to estimate the
resources, and do not address the primary user detectffjresponding frequency block size given the traffic dersand
problem on licensed bands. We assume that each nodéNi be discussed in Section 11I-C). Based on the informatio
synchronized on slot boundaries and that nodes access A ected in the previous tlm(_e frame, nodes d_emdes how the
channel based on slotted time boundaries. Each time Sk)td%ta_frequency blogks are d'V'de,d forthfe next time framee Th
numbered relative to a consensus starting point. The |em‘gthdetalled approach is discussed in Sections III-C and |III-D.
the time slot {;) is the minimal unit of the channel-accesg Tyansmission Scheduling

schedule over the time axis. A time frame is made uplof Gi hat f di L beneficial for broagt
time slots 'y = Lt,). We assume the minimum interval by ven that irequency diversity Is not beneficial for brozsica

which the spectrum can be divided along the frequency at éﬁic’ in CROWN, a broadcast source sends a request in
is 0. The available spectrum is allocated firquency block the control frequency blo_clf, which reserves one da_ta fre—
units. A frequency block fo, Af, to, At) is a portion of the qguency block. Each receiving node in the communication
spectrum( fo, fo + Af) for tr’1e ti;ne’ interval(to, to + At) range switches one of its radio interfaces to that data &raqy

We divide the joint routing, scheduling and frequency a?—IOCk to receive tfr;e broadcast packet. imize the f
signment problem into two sub-problems: First, we addriess t For u/mcagt ltra IC, E:ROW,N gtteg?fpflts to rlnall(x'm'.zﬁmtme re-
transmission scheduling and frequency assignment probIQH\enCy sp;:lpa retjse Xasgf{gr(;lng . ere[:;; in _sv_wt f nt
consisting of utilizing the available spectrum in the twaph s_pect_rums time slots. A unifie _m_etnc, t nSMisSion frac-
neighborhood of each linki, /) to the largest extent. Second,t'on_' is used to eyaluate the_efﬁmency of the jOInt. frgquency
given a transmission scheduling and frequency assignnfenlags'gnmem apd link sphedu!mg fpr'un|cast trapsm@sﬁihe.
different links, we address the routing problem consistirfig total transmission fraction of link (i, j) (T.T_Fi?) IS def|n§q to
deciding which links to use and how to form the corred?e_the overall spectrur_n resource that ligk7) could ut|_I|ze
sequence/ordering of the transmission scheduling actuss ! its two-hop range, in one time frame and e>_<c|ud|ng the
network. parts used for control information exch_an_ge, that is, fmrqu_

In CROWN, there is a specific packet queue for broadc ,P‘,:k [?FJF F‘?’ Fé’?‘:’ Zf]' Thﬁ trarr:smlssu_)n flract|on OT Imkf
packets. For unicast transmissions, given that neighbies o w,J) (TE;) is de Ined as the the maximal proportion o
node may be operating on different portions of the spectruﬁi?quency resourc_e(s,g) could_obtam through joint frequency
we choose to schedule packets to each neighbor individuaﬂﬁs'gnment and link scheduling.

unicast packet queues are maintained as per-neighbor FIFgFij is usgd as the Ii.nk. cost'u.sed to compute fibgical
queues. Each neighbor is identified with its unique MAGiSance (LDy) of pathp iflink (i, j). The route that has the
address. minimum logical distance (which means that it can achieve

We use a common control frequency blogk,, F, + the maximum end-to-end throughput) is selected. Once a

F.,0,T.] in each time frame to exchange the topology in[_)ath is selected, the transmission scheduling and frequenc
(3] 9 (& H H 1
formation and traffic flow information. During time interva) 2SSignment that are incorporatediir’; are also established.

[0, T¢] of each time frame, each node switches one of its radi® pata Rate Adjustment
interfaces to the control spectruffis, Fs + F.]. The control
frequency block is further divided into mini-frequency bks
of equal sizel0, f.,0,t.]. Each mini-block is assigned wit
an unique idx. We define thepriority of nodei at frequency
block z as:

To correctly divide the available frequency blo¢k;s +
hFC,FE,TC,Tf] along the time and frequency axes, the fre-
qguency block that each link, j) obtains must be guaranteed
to satisfy its bandwidth requirements). Given the available
1) bandwidth[fs, f.] C [Fs + F., F.] and the minimal spectrum
division intervalo, the set of all possible spectrum allocations
Because each node has a unique hash code, Equationf@i)link (i,7) (Bij = {[fs1, ferls [fs2s feals- s [fsms fem]})
guarantees that each node in the two-hop range will havasaobtained, and then the corresponding data rate of each
unigue node priority in each mini-frequency block. The nodgpectrum division is estimated using the following apptoac

prio; = hash(i ® x)



Let P/ denote the received signal power at nadéor a diversity and time-reuse in the two-hop range of lifi ;)
signal transmitted by nodé. The maximum physical-layer to the largest extent is equal to placing as many different
capacity is data frequency blocks as possible into the regior¥ GfE;.

pr We can map the joint frequency assignment and transmission
Z-Tl‘f‘ﬂ] (2) scheduling problem into a 2D bin-packing problem. We adopt

79 " the first-fit decreasing strategy to solve this NP-hard mobl
where B}, is the bandwidth of spectrum divisidff, fex], 02 In our approach, the data frequency blocks are sorted in
is the background or thermal noise power at the front end décreasing order of bandwidth requirements, then each link
the receiver. Assuming that the sum of the interference poweds inserted into the first time slot with sufficient remaining
follows a lognormal distribution, we obtain the followingbandwidth, as Figure 1 shows. The output of the algorithm

C’f] = ij x loga[l +

approximate link capacity includes the amount of bandwidth that lifk j) could obtain
pr (BW;;), and the average number that a link could be scheduled
E[ij] = ij x loga[l + =573 (3) inone time frame4§;;). Given thatl'TF;; = Rypau (T —T0),
By P+ o7 the transmission fraction df, j) is
where E[> P;] is the mean of the lognormal distribution. S BW..
We denote the maximal achievable data rate of Ijikj) TFj=——2—"—" (6)

(using spectruni{Fs + F., F.]) by R.... We define a data Rinax(Ty — Tc)

rate RY; for link (i, j) to befeasible if it is greater than the E. Routing
minimal data rate requirement of lin, j) (r;;). We denote  The optimal routing policy for wireless ad hoc networks
the feasible data rate set for lir, j) by RS;;: using spectrum-agile radios needs to jointly consider the
throughput and the efficiency of spectrum utilization. To do
RS;; = {R zrijk=1,...,K} () so, we adapt a proactive distance-vector routing protatel.

We propose a heuristic approach (Algorithm 1) to compatee T'F,,,, to replace the link cost information used in the
all possible data rate combinations of links in the two-hojsaditional routing distance calculation, and get tlogical
range of (i,7). We use Jain'dairness index (FI) to choose distance (LD,") of path p if link (u,v) is included. The
the data rate combination that maximize the fairness acrassite that has the minimum logical distance (i.e., it achgev
all links. Lethj be the total number of links in the two-hopthe maximum end-to-end throughput) is selected. Once a

range of(i, j) that have traffic, then path is selected, the transmission scheduling and frequenc
) Rk assignment incorporated ifiF,, are also established.
FI — (> i) with oF = 4 (5) a) Logical distance calculation: The logical distance
ij x?j’ Ty (LD) of pathp is given by a path functiorf? based on the
transmission fraction of its consisting links. We define jffe
as:

Algorithm 1 Data rate adjustment algorithm

for each link (u,v) in the two-hop range ofi, j) do . 1
Estimate tr(1e7fe)asible data ratg set:g fh.7) fr= mm(“v”){TFuv b (wv) ep @
RSy = {RE, > ruw,k=1,...,K};
end for Let LDl denote the logical distance from nod& destina-
for eachlink (u,v) in the two-hop range ofi, j) that have traffics tion j as known by node. LD denotes the logical distance
do . LD’C from nodek, which is a nelghbor of nodg to destination
for iaCh d}?kta rateRt,, € RSy, do Js as reported to nodeby nodek. FLD} denotes théeasible
endszgir: v logical distance (FLD) of node: for destinationj, which is
end for an estimate of the minimal logical distance maintained for
{Ri,Ra,..., Ry2 } = argmax,, . {%}. destinatipnj py npdez‘. _ o
i N2 UNE T (e Node i maintains a routing entry for each destinatign

which includesFLD;'-, LD;'- and the successor set chosen for
Through this approach, we obtain the data rate set fgr(denoted byS}) . Node: maintains a neighbor table that
all links in the two-hop range ofi,j). We denote it by records the Ioglcal dlstancBDZ,C reported by each nodein

Rfj = {R1,Ro,... RNQ} and the corresponding spectrunits neighbor sefV’ for each destlnatlogl, and a link table that
bandwidth isB2 = {Bl, Bs,...,Byz2 }. reflects the transmission fractidhF;; for each adjacent link

_ Y (i,k),k € N*. The multiple paths computed between node
D. Frequency Assignment i and destinatiory are called thdogical shortest multipath,

After the data rate of each link that has packets to sedeénoted byL SM:, and it is such that at least one of the paths
is obtained, given that the bandwidth required by linkv) in it has the minimal logical distance fgr In CROWN, each
is By, and that the unit of transmission scheduling ovetode maintains up t@ LSMs for each destination.
time is ¢s, then the data frequency block size féu,v) We focus on the operation of node computation of LSMs
is [0, Buv,0,ts]. The problem of exploiting the frequencyfor a destination;. Provided that each node maintains up to



PSEUDO-CODE OF SPECTRUM ALLOCATION of required bandwidth ;*/

ALGORITHM 17: for each link (u,v) € ij do
Notations: 18: for each time slot t; € [T;,T¢] do
By bandwidth requirements for link (u,v); 19: if (NRy(t) > 0) A (NRv(t) >'0)) then
Ruy: the corresponding data rate of Byy; 20: } /*There are available radio inter-
RB(t) = [fs, fe): remaining bandwidth at time slot faces™/
t: 21: if (FAT(f,Af,t)# () then
NR;(t): number of available radios interfaces of 2% for each (Af > By,) do
node i at time slot #; 23: /*there are available band-
FAT(f,Af,t) = {(u,v),...}: frequency alloca- widths*/ )
tion table, it indicates the spectrum [f, f + Af] is 2% if (V(m,n) € FAT(f,Af,1),
occupied by link set {(u,v),...} at time slot ¢; 25: I((m,n), (u,v)) == 0)

then

I((m,n), (u,v)): indicator function, I((m, n), (u,v)) =

1if (m,v) or (u,n) is in the interference range of /*(u,v) does not interfere

each other; with any existing transmission schedules*/
Ty: the time that link (u,v) could transmit. 2T FAT(f,Af.t) =
BW,,: the amount of bandwidth link (u,v) could FAT(f,Af,t) U (u,v);
obtain; 28: NR,(t) = NR,(t) — 1;
Sij: the average number a link could be scheduled 29: NRy(t) = NRy(t) — 1
in one time frame. 30: Tyw = Tup +ts;
31: return;
1: procedure INITIALIZATION( ) 32 end if
2 RB(t) « [Fs + F., F]; © for every time slot t 33 end for
30 Tuw <0 > for each link (u,v) 3% end if
4: NR;(t) « K; © for each node i at every time 3 if ((fe — fs) = Buv) then
slot # 36: /*there are available bandwidths*/
5: FAT « 0 37: /*Assign links in different fre-
6: /*exclude the existing broadcast transmissions®*/ quency spectrums*/
for each broadcast transmission from node w at 38 fs = fs + Buvs
frequency block [f, Af,t] d 39: FAT(fw w) ) = (u, )
8: if (NR,(t) > )then 40: NR,(t) = NRy(t) -
9: FAT(f,Af,t) = u; 4l: NRy(t) = NRy(t) —
10: NRu(t) = NRu(t) —1; 42: Tuww = Tuw + ts;
11: end if 43: end if
122 end for 44: end if
13: end procedure 45: end for
46: BWyy = Ty X Ry
14: procedure SPECTRUM_ALLOCATION( ) 47 end fOl'Z »
15 SORT(B}; = {Bi1,By,..., B2 }); a8 Sy = ;“;Vz ;
16: /*Sort all links according to the Jdecreasing order 49: end procedure

Fig. 1. Spectrum allocation algorithm

x LSMs for destinationj, nodei may receive and record updatesS’(t) and FLD!(t) for destination; based on the
values of LD?, from each neighbok; nodei also reports to following equations:

its neighbors the logical distances of the SMs from itself

to destinationj, of which the minimal value is also used as _ _ ) )

the feasible logical distancEL D' of nodei. When a node is Si(t) = {k|LDj,(t) < FLD(t), k € N'} (8)
powered upF' LD is set toco, and all the other entries are se
to empty. For destination we haveLDJ =0, FLDJ =0,
and LD%; = 0,Vk € N7. We also assume that nodenows FLD'(t) = min (LD? (t) L) 9)
the transm|SS|on fraction of each outgoing I}, k € N°. / IR TRy,

When node: receives an input event at timg node: forall LD’C reported by each neighbérand over all neighbors
behaves in one of three possible ways: (a) Nédemains in N Then nodei re-computes the logical distance of each
idle and all distance estimates are left unchanged; (b) modeSM maintained forj (up to 2 LSMs), and sends neighbors
receivesLDé-c from neighbork, updates the estimate[sD;'.k updates if any change occurs; otherwise leaves all other
and leaves all other estimates unchanged; and (c) riodestimates unchanged.

Ynd updates its feasible logical distance by

4



The aggregate of the routing entries for destinatianain- distance and feasible logical distance forand each link is
tained at each node forms a directed graph rooted atich labeled with the associated transmission fraction.
is a subgraph of networks and is denoted by5G,. This

subgraph includes link§l; .|k € S% for Vi € V}. If routing @ © /«\ ©
converges correcth§G is a directed acyclic graph (DAG) in 0®0 & \ 0
which each node can have multiple successors for pode @ ® Ny ®

Although multiple SG; can exist for destinatiory in a \ /K / N/ \
given network, CROWN constructsG; in a way that the path > Aot
with the shortest logical distance for destinatipns always (a) Data rate adjustment () Computation of
maintained (by Eq. (8) and (9)), and as such mafé§ an TFiq,TFq, TFif

optimal successor graph.

Loop-free routing is also attained by using Egs. (8) and (9). =0
The proof that this is the case is presented in [14]. @ (D
b) Logical distance propagation and deduction: Logical N K %
7

distances are sent in the proactive routing updates message
The propagation of routing updates messages consists of two
phases. During the route discovery stage, routing updates(© Compute LSMs at node (d) Compute LSMs at noda
propagate through the network for each destination in order Fig. 2. Routing example

to inform all nodes of possible routes to each destination,

regardless of frequency assignments or transmission schedp Figure 2(a), based on its bandwidth requirement and the
ules. Neighbor update messages are transmitted as broadgag rate of existing traffic flows in the two-hop range, node
packets to accomplish this. After routes are established figst adjusts the data rate according to Algorithm 1. Therit ¢
destinations, the neighbor update messages that inclue ¢[)jates the transmission fraction for lifki, a), (i,d), (i, )},
future transmission scheduling and frequency assignnent hnq sends the corresponding results through neighbor esdat
formation are transmitted as unicast packets to the specifiter receiving the broadcast requests franon the control
neighbors. This way, multiple neighbor updates can be sgpdquency, nodega, d, f} switch one of their radio interfaces
simultaneously over different parts of the spectrum. to the specified data spectrum to receive the neighbor update

The distance vector reporting a paitfor destinationj by  Then nodes{a, d, f} calculate the transmission fractions for
neighbork is a tuple Of{j7 LD-I;, TFik}, in which .L.D;C is the links {((l, b)’ (d’ b)7 (d7 6)7 (f7 g)}, and send the neighbor up-
logical distance fop, andT Fy, is the transmission fraction for gates to their upstream nodes. In Figure 2(c), niosielects the
adjacent link(i, k). For each LSMp computed for destination gptimal path to node, and nodegb, e, g} calculate the trans-

Jj, besides the logical distance, the raw transmission acf mission fraction for links{(b, ¢), (b, d), (e, 5), (e, h), (g, h)}.
adjacent linkT' F;;, must also be maintained, becauSg;;, is |n Figure 2(d), node: chooses between pattis — ¢ — d —
used to verify whethep can be a feasible path when a reques§ and (, — g — f — ). This process continues until each
to forward traffic arrives. node obtains the optimal path to the destination.

Assume that the minimal logical distance reported by neigh- Note that a schedule is forméalsequence along the routing
bor £ for destination;j at nodei is LD7,,, and that the current path from the destination to the source. Descendent nodes
feasible logical distance forat node: is F'LD}. Leto denote exclude the schedule of ascendent nodes, which is indicated
the concatenation of two paths or links. According to Eq, (8 the FAR packets. With this approach, the schedule and
pathl; o p is now considered as a candidate path fof frequency assignment along a specific route is compatible,
LD}, < FLD; (i.e., k €S5). while the schedules among different LSMs may be in conflict.

Pathl; x o p can be upgraded to a LSM if it has a smalleThis is why we only allow one LSM to be chosen each
logical distance than the current feasible logical distarlo time. After the routes are established, the future neighbor
mobile scenarios, it may be the case that néode unable to update messages are sent through the existing transmission
find a neighbork that has reported a logical distance that ischeduling and channel assignment as unicast packets, e.g.
smaller than the feasible logical distandéﬂD}) maintained when: updates thel'F},, it will just send a neighbor update

by nodei at the time. CROWN uses diffusing computationfmessage ta. Other nodes that do not usein their LSMs to
to coordinate node with all upstream nodes that use node ; will not receive theT F,.

in their LSMs for destinatiory to update the corresponding
logical distance and feasible logical distance (see [14]).

IV. PERFORMANCEEVALUATION

We implemented CROWN under Qualnet [15] and compare
F. Example it with DORP [12]. We assume each node has four radio
Figure 2 illustrates how nodes run CROWN to deduce theirterfaces. The overall available spectrum is 86 MHz (tlze si
LSMs for the destinatiorj without knowing global network of 2.4 ISM band).t, is 50ms. A time frame is made up of
state. We assume that there is a traffic flow frome 5. Each 100 time slots . = 100). The set of bandwidth intervabj
node is labeled With](D;,FLD;-), i.e., its shortest logical includes 5, 10, 15 MHz. The bandwidth requirements of traffic

5



flows are uniformly distributed in ~ 10Mbps. We assume  From Table | and Figure 3, we observe that CROWN
that each 1 MHz spectrum delivers 1.2 Mbps data rate [1&ises efficiently the available spectrum and outperforms BOR
The packet length used is 1024 bytes. The duration of tegnificantly.
simulation is 100 seconds. The simulations are repeated wit
ten different seeds to average the results for each scenario

The performance gain of CROWN mainly comes from its We proposed a novel distributed link-layer scheduling and
joint optimization of frequency assignment and distrilsite’outing optimization approach for wireless ad hoc networks
link scheduling, as well as from choosing paths based #§ing spectrum-agile radios. Routing selection is madedas
the efficiency of the underlying transmission scheduling arPn the efficiency of the underlying link-layer schedulingdan
frequency assignment. We illustrate these performance iff€duency assignment schemes. Simulation results show tha

V. CONCLUSION

provements separately under different scenarios. the proposed approach increases the system performance sig

To illustrate the performance gain due to the joint freqyendificantly by load balancing the traffic over different chafm
assignment and distributed link scheduling, we first ingase and different times.

the performance of CROWN under ax6 regular grid with
static routing of fixed flows. The transmission range of each
node isTg, each node isl'r away from each other. The [1]
interference rangdr = /2Tk. We set up five CBR flows,
such that three of them have node-disjoint horizontal patits
two of them have node-disjoint vertical paths in the gridthwi
the vertical path crossing the second and second-to-lgs ho[3)
of the horizontal paths. The system throughput comparison i
shown in Table I. The results indicate that CROWN improve§4]
the system performance significantly.

(2]

(5]
TABLE |

SYSTEM THROUGHPUT FOR GRID TOPOLOGY

(6]

DORP (5MHz) | DORP (10MHz) | DORP (15MHz)
15.38 13.96 11.27
CROWN (5MHz) | CROWN (10MHz) | CROWN (156MHz) 7]
27.49 2531 2412

(8]
To illustrate performance improvement due to the joint

optimization of MAC and routing, we generated 10 topologieﬁg]
with 60 nodes uniformly distributed across a 80®@00 square
meters area. We varied the number of traffic flows and the
minimal bandwidth intervaly. As Figure 3 shows, system[lo]
throughput decreases with increasesopfwhich indicates a
reduction of non-overlapping channels. There is a trade-¢f1]
between the feasible data rates and the frequency reuse of th
system.

[12]
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