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Abstract—A smart adaptive antenna has multiple Degrees of @ Internet
Freedom (DOFs), which can be used for intended communi- BS
cations and interference suppression. In this paper, we study
routing and scheduling in wireless backhaul networks with smart T
antennas. In a wireless backhaul network, a spanning tree rooted -7 \
at the gateway node is usually constructed for routing. We for- TR \
mally define the Interference aware Tree Construction Problem Q ]
(ITCP) which offers full consideration for interference impact SS /
and DOF availability, and present an algorithm to optimally / //’SS\\\\
solve it in polynomial time. As for scheduling, we first present a gﬁ Q
polynomial-time, optimal algorithm for a special case in which SS SS g SS
the number of DOFs in each node is large enough to suppress all SS

potential secondary interference. An effective heuristic algorithm

is then presented for the scheduling problem in the general i ]

case. Extensive simulations have been conducted to justify the Fig. 1. A wireless backhaul network

efficiency of the proposed algorithms. . . .
Index Terms—Wireless backhaul network, smart antennas, based MAC protocol. But it does not specify the scheduling al-

WiMAX, scheduling, routing. gorithm or the routing protocol. The routing problem, i.e., the
| INTRODUCTION tree construction problem,. has not been well stqdied for such
) networks. However, a routing tree constructed without careful
Wireless backhaul networks are expected to replace t@nsideration for interference impact and resource availability
costly wired infrastructure to provide Internet access servigg.g., a Minimum Spanning Tree (MST)) may lead to poor
[12]. The emerging WIMAX technology (IEEBD2.16 [1]) can  throughput and serious unfairness, which will be shown by
offer low-cost, high-speed and long-range communicationsimulation results later. With DAA antennas, simultaneous
Therefore, it is considered as an idea solution for supportiginsmissions along two interfering links can be supported as
wireless backhaul. A backhaul network is composed of |ang as DOFs are properly assigned to suppress interferences.
Base Station (BS) and multiple access points (a.k.a Subscriggheduling with DAA antennas is more challenging than
Stations (SSs) [1]) . The BS serves agatewayconnecting traditional scheduling with omni-directional antennas since
the backhaul network to external networks such as the Interngtinvolves both link scheduling and DOF assignment. To
A spanning tree rooted at the BS is usually formed for routingur best knowledge, we are the first to address routing and
and an SS out of the transmission range of the BS can ug$eduling problems in wireless backhaul networks with DAA
other SSs as relay to communicate with the BS in a multihgfhtennas. Our contributions are summarized as follows.
manner, which is illustrated in Fig. 1. 1) For routing, we formally define the Interference aware
Compared to a conventional omni-directional antenna, Taee Construction Problem (ITCP), which offers full consider-
smart (directional) antenna offers a longer transmission rangigon for interference impact and DOF availability. We present
and lower power consumption by forming one or multiplen algorithm to optimally solve it in polynomial time.
beams only towards intended receivers. The emerging Digitalg) We consider the scheduling problem in a special case
Adaptive Array (DAA) antenna [21] is a type of smart anwhere the number of DOFs in each node is large enough to
tennas, which can even perform fine-grained interference s@pppress alpotential secondary interferencéVe present a
pression by adaptively forming nulls in certain directions usingolynomial-time optimal algorithm to solve it.
its antenna elements (a.k.a Degrees Of Freedom (DOFs))3) We present an effective heuristic algorithm for the

Therefore, smart antennas can improve the performance ofcheduling problem in the general case, whose performance
wireless backhaul system. Although DAA antennas have begsis been justified by extensive simulations.

extensively studied before, research on mesh networking with
DAA antennas is still in its infancy. Il. RELATED WORK

We consider routing and scheduling in a wireless backhaulTransmission scheduling in WiMAX-based multihop net-
networks with a scheduling-based MAC layer and DAA antenvorks with omni-directional antennas has been studied re-
nas. The WiIMAX standard [1] specifies a common schedulingently. Different centralized heuristic algorithms have been



proposed for scheduling and/or routing in [3], [13], [23], [24by forming nulls at corresponding directions. Similarly, the
with the objective of maximizing spatial reuse and enhanceceiver can employ its remainind¢ — 1) DOFs to suppress
ing fairness. In [6], a distributed algorithm was presentddterference from other nodes.
to provide fair end-to-end bandwidth allocation for single- The WIMAX standard [1] adopts a scheduling-based MAC
radio, multi-channel WiMAX mesh networks. In [12], theprotocol, in which the time domain is divided into minislots,
authors introduced a low-complexity distributed schedulingnd multiple minislots are grouped together to form a frame.
based MAC protocol that can support all feasible arrival rat&&ach frame is composed of a control subframe and a data
in a wireless backhaul network. In [22], Sundaresdnal. subframe. The control subframe is used to exchange control
showed that the scheduling problem to exploit diversity gaimsessages. Data transmissions occur in the data subframe,
alone in a2-hop802.16;j-based mesh network is NP-hard, andvhich includesl” minislots with fixed durations, and is further
provided polynomial-time approximation algorithms to solveartitioned into an uplink subframe and a downlink subframe
it. They also proposed a heuristic algorithm to exploit botwith 7% and 7% minislots respectively. Note thaf* does
spatial reuse and diversity. In [7], the authors studied a similaot have to be equal t@¢. In our simulations, they were
problem, and proposed an easy-to-compute upper bound ongbeto be proportional to the uplink and downlink bandwidth
optimum and three fast heuristic algorithms. demands. The other methods can also be used to deteftine

Smart antennas have also received tremendous reseanti7?. The WiMAX MAC protocol [1] supports both cen-
attention. MAC protocols have been proposed in [5], [14talized scheduling and distributed scheduling. The centralized
for 802.11-based ad-hoc networks with switched beam amscheduling is the focus of this paper.
tennas. In [21], Sundaresa al. presented a constant factor We consider a static wireless backhaul network with a
approximation algorithm for DOF assignment and a distributd®lS and (n — 1) SSs. All transmissions are conducted on a
algorithm for joint DOF assignment and scheduling in ad-haingle common channel. These nodes will form a spanning
networks with DAA antennas. The authors of [19] presentdree rooted at the BS for routing. Each node has a single
a centralized algorithm as well as a distributed protocol faransceiver and a DAA antenna witki DOFs. We model the
stream control and medium access in ad-hoc networks witktwork using @ommunication grapliz(V, E), in which each
MIMO links. A constant factor approximation algorithm wasode corresponds to the BS or an SS. If all nodes are placed
proposed for a similar problem in [16]. A unified represersn a plane with no blockage in between and transmit at the
tation of the physical layer capabilities of different types adame fixed power level, then each node will have a uniform
smart antennas, and unified medium access algorithms weeamsmission rang&r, which is usually much larger than the
presented in [20]. In [9], Hu and Zhang devised a MIMOtransmission range supported by omni-directional antennas. In
based MAC protocol. They also studied its impact on routirthis case(v;,v;) € E if ||v; — v;|| < Rp. Of course, we can
and characterized the optimal hop distance that minimizdstermine whether there exists a link between a pair of nodes
end-to-end delay. Cross-layer optimization for MIMO-basedith consideration for other factors such as Line Of Sight
wireless networks has also been studied in [2], [15]. In [2{LOS) and terrain effects. In addition, for each nagewe can
Bhatia and Li presented a centralized algorithm to solve tidentify a set/V; of neighboring nodes potentially interfering
joint routing, scheduling and stream control problem subjewiith v;, using the method introduced in [21]. Briefly; € V;
to fairness constraints. if the Signal to Interference and Noise Ratio (SINR) at receiver

The difference between our work and these related works (or v;) will drop below the threshold due to; (or v;)
are summarized as followd:) As mentioned before, due tounless nullified. We may also use a more conservative but
the interference suppression feature of DAA antennas, thienpler method, i.e.p; € N; if [v; — v;|| < Ry, where
scheduling problem here is significantly different from thdz; is the interference range and normafly- 3 times R;.
omni-directional antenna based scheduling problezhOur If two links e = (v;,v;) and e’ = (vy,v;) are incident,
objective is to improve end-to-end throughput and fairnesse say there existprimary interferencein between. In this
However, the scheduling problems studied in [5], [14], [16ase, in no way can they be active concurrently due to the
[19], [20], [21] aim at maximizing single-hop throughput ohalf-duplex (a transceiver can only transmit or receive at one
minimizing the frame length3) The routing tree and trans-time), unicast (a transmission only involves a single intended
mission schedule computed by our algorithms have certagceiver) and collision-free (two transmissions intended for the
provably good properties which cannot be supported by tkame receiver cannot happen at the same time) constraints. If
heuristic algorithms reported in [6], [13], [23], [24]. nodesv;, v;, vy andv;. are distinct but; € Ny or vy € N;,
we say there existsecondary interference between. A DOF

. SYSTEM MODEL can be assigned at either the transmitter or the receiver to

We focus on DAA antennas and use an antenna operatiuppress secondary interference.
model similar as that in [21]. In order to enable communica-
tions between a pair of transmitter and receiver (lifk) v;), IV. PROBLEM DEFINITION
a single DOF needs to be assigned for communications aOur scheme is to construct a spanning tree rooted at the BS
each end. In this way, the Signal to Noise Ratio (SNR) can & routing and schedule transmissions along the tree according
improved at the receiver, and therefore the transmission rangethe traffic demands. The tree is constructed beforehand
can be increased. Moreover, except for the DOF assigned &d will be used for a relatively long period. This scheme
communications, the remaining< — 1) DOFs can be used is compatible with the WiIMAX MAC protocol [1] and is
by the transmitter to cancel its interference to other nodssaitable for a wireless backhaul network in which the topology



usually does not change but the traffic demands change ow®i*(¢e;) in G are removed, at least one nodelip will be
time. A joint routing and scheduling scheme may require disconnected from nodes i, .

significant modification to the current WiMAX standard which Definition 1 (ITCP): The Interference aware Tree Con-
only includes MAC and PHY protocols, and may lead tstruction Problem (ITCP) seeks a spanning tréé rooted at

a larger overhead in the case where traffic demands chatige BS, such that in each laykr> 1

Lo = maXyey;, I7(v)

frequently. We summarize the primary notations in Table I.is minimized subject to the constraint that(e) < I°(h),

TABLE |
NOTATIONS

VeeY NE,.
By solving the ITCP, a balanced routing tree will be
constructed. Moreover, potential secondary interference on this

Av/AC The aggregated uplink/downlink bandwidth allocation  tree is likely to be eliminated by properly assigning DOFs.
vector . . .
BY/B4 The uplink/downlink bandwidth allocation vector The .Sc.hedu“ng p'fOblemS con3|der(_ad here mvo"./e bo.th
GV, E) The communication graph transmission schedullng and DOF assignment. The input in-
Hv] The Tayer of nodey in the routing tree cludes a spanning tree with the B$ as the root,(n —
IP(v)/I°(v) | The primary/secondary interference value of nede 1) SSs{vi,...,v,_1}, their bandwidth demandQ" =
I3 The secondary interference value of liak ' :
) v gt ..,q% ) and QY = [gf,....q% )] for uplink and
1°(h) The secondary interference bound of layer d link ivel dth link/d link subf -
)re The number of DOES af each node own Llin respectively, and the uplink/downlink subframe sizes
nj/m The number of nodes/links 67 T"/T*. ¢} indicates the number of minislots S§ needs to
N; The set of nodes which can potentially interfere with  transmit its uplink traffic. Note that if; is not a leaf nodeg}
., The 'L:‘Fj;xk/%fotwhﬁliﬂirﬁgag\?v?;h“’gemand - includes the bandwidth needed for itself but does not include
R/ The Transmissioninterference Ffange the bandwldth requ_ested by any of its descendants on the tree.
T/T“/T7 | The number of minislots in a frame/ ~ We define an uplink scheduling matixand a correspond-
uplink subframe/downlink subframe ing DOF assignment matrid. T'j ; = 1 if link (v;,v;) is
su/sd The uplink/downlink satisfaction ratio vector active in minislott; T'} ; = 0 otherwise. Note that onlyn —1)
VifEn | The zg;:;tﬂ%%efémi In layer links on the given tree will be considered for scheduling.
A The DOF assignment matrix A;?’j = 1 if v; assigns a DOF to point at; for interference

suppression in minislat; A;j = 0 otherwise.A has nothing
to do with DOFs assigned for communications sifite = 1

It is well-known that interference has a significant impa‘??nplies that one DOF at; and one DOF at; need to be
on network performance [11]. So we will construct a lowagsigned for communications. An scheduling maffixand
interference tree, which hopefully can provide good through poF assignment matrixA are said to befeasibleif 1)

put for any bandwidth demands. Note that both uplink anflere does not exist primary or secondary interference in every

downlink traffic use the same tree for routing. So every linkinisiot: and 2) S LAL
in the communication grap@y is treated as anndirectedlink ' =0 ¢
for the tree construction. If an SS can directly connect to the/ o, gu
BS or another SS, we prefer not to use other SSs as relay u u

because additional hops will introduce longer delay, and mdﬁ%‘o vector S* = [sf, ...

;S K—-1,0<4i<n-1,
1 <t < T* We also define amiplink bandwidth allocation
= [bY,...,bt_4], its correspondingsatisfaction

b'U, b/’,’i )
csnoal = gk ], and its

importantly, result in more severe interference. Therefore, oneerrespondingaggregated bandwidth allocation vectar" =

G is given, we can easily determine on which layer of th@{, ...

,at_,], whereb? indicates the actual bandwidth (the

routing tree an S$; should appear, by conducting a Breadtihumber of minimslots in each frame) allocated;tdor uplink
First Search (BFS) o. V;, and E;, denote the set of nodestraffic generated at;, anda;* indicates the actual bandwidth
in layer h and the set of links between layérand (h — 1)
respectively. Moreoverh,,.. denotes the total number ofdescendants. A bandwidth allocation vecl®t is said to be
layers (the BS is not considered as a layer), i.e., the heigheasibleif there exists a feasible scheduling matiix such
of the tree. The tree construction problem is essentially thieat Zthl ! b 2 ai,1<i<n-—1

problem of determining which node in layéh — 1) should
serve as the parent node for each nodén layer h. For all

the SSs in the first layer, their parent must be the(BS.

We need to differentiate the primary and secondary intexith a corresponding feasible scheduling maffixand DOF
ference because the primary interference can only be resolaadignment matriA such that the minimum satisfaction ratio,
by scheduling but the secondary interference may also fén;<;<,_; s} is maximized.

allocated tov; for uplink traffic generated at; and all of its

Definition "21(USP):The Uplink Scheduling Problem
(USP) seeks a feasible uplink bandwidth allocation vector
B" and its corresponding satisfaction ratio vec&t, along

eliminated by carefully assigning DOFs. Given a tree, the In the USP, we try to maximize the minimum satisfaction
primary interference value of a node, I?(v;), is defined as ratio for the fairness purpose. Similarly, we can define the
the total number of links incident to; on the tree. We define Downlink Scheduling Problem (DSP). Due to the space limi-
the secondary interference value gfas I*(v;) = |N;| — 1, tation and redundance, we omit the details.

and the secondary interference value of liak= (v;,v,)
as I(e) = max{I*(v;),I*(v;)}. In addition, we define a V. THE TREE CONSTRUCTIONALGORITHM
secondary interference bound for each layes 1, I°(h) = We present an optimal algorithm (Algorithm 1) to solve the
max{I*®(ep), K —1}, wheree, is the bottleneck link, i.e., if all ITCP. Its input includes the communication gragh (G is
links with secondary interference values greater than or eqi@ated as an undirected graph for routing), an affaywhich



gives the layer of each node, and the number of layers:. Q
An array Parent is the output, which specifies the parent node AR Y

for each SS. =
o — -
Algorithm 1 Solve-ITCRG, H, himax) N YO
Step 1 forall he {1, -+ ,hmax}t Vo — {v|H[v] =h}; &S B /0P Layer h
endforall

I hmax; i
forall v € Vi Parent[v] « vo; endforall \G//

forall v € V' \ Vi Parent[v] — null; endforall
Step 2 if (h=1) return Parent;
Step 3 dpax — maxyey;,_, dy, Whered, is the number of

;}bs:%l.gzgois;nvh.; can be pre-determined, the constraint of the ITCP can be

: satisfied by including only links with secondary interference
< 9
Step 4 Wh;iid(ﬁzzgﬂbj. values less than or equal 18(h) in the auxiliary graph. There-

Construct the auxiliary grapt’(V’, E'); fore, in each layer, the problem boils down to determine a

Apply the Ford-Fulkerson algorithm [4] o6’ to

find the maximum flowf,,,, from s to d

and the corresponding link flow allocatidrilow;

if (fmax = |Va|) ub — mid — 1;

elselb «— mid + 1; endif

endwhile
Step 5 forall e = (u,v) € E’

if (Flowle]=1and u# s and v # d)

Parentlu] — v; endif

Fig. 2. The auxiliary graptG’

parent node assignment in the bipartite graph giveiViy,,
Vi, and the links in between, such that each nodéd/inis
connected to exactly one node 1r,_; and the maximum
primary interference value of nodes ¥j,_; is minimized,
which is achieved by the binary search in StepNote that
the primary interference value of a non-leaf node is actually
equal to the number of its children plus one. In each iteration
of the binary search in Step 4, we need to check if there
exits an assignment such that each nodé/jnis connected
endforall to exactly one node i;,_; and the children of each node in
Step 6 h— h— 1; Vi,—1 is no more thannid.

goto Step2; Next, we show that there exists such an assignment if and
only if the maximums—d flow is equal to|V},|. First of all,
) ) it is well-known that the augmenting path based maximum

Our algorithm constructs the tree in a bottom-up fashiofioy algorithm such as the Ford-Fulkerson algorithm [4] can
It starts from nodes on layéf.., and selects a node fromgjways find a maximum flow whose corresponding link flows
nodes in layer(h — 1) as the parent node for each nod@ye ail integers if the capacity of each link is an integer. If
in layer h in Steps3-5. In Step4, nodes'ln layer(h - 1) the maximum flow found by the Ford-Fulkerson algorithm is
are conr!ected to some nodes in Iaﬁ?“’\’h'le t_he maximum - y/ | “then there must be exactly one unit flow going into each
primary |_nterference value of _n_odes in layeris m_lnlmlzed node inVj, from s since the capacity of every link between
using a binary search. The §UX|I|ary grah(V', E') in Stepd  gnd a nodes € Vj, is 1. According to the flow conservation
is constructed as followsV” = Vi, U Vi1 U {s,d}, where congiraint and the integer flow claim mentioned above, there
s and d are virtual source and smk nodt_es respectl\(ely. Fehust be exactly one unit flow going from every noteto a
eachu € Vj, we create a directed link with a capacity bf node inV;,_,, which actually leads to a feasible parent node
from s to w. For eachu € Vj, andv € Vj_,, we create a assignment. Moreover, the capacities of the links connecting
directed linke with a capacity ofl from u to v, if (u,v) € E' podes inV;,_, to d are set tomid, which ensures that each
and I°(e) < I°(h). Finally, for eachv € Vj,_1, we create a pode inV,_, has no more thamid children.
directed link with a capacity afiid from v to d. In Step 5, we _ . s

In Algorithm 1, Stepl takesO(n) time for initialization.

compute the parent assignment for nodes in léyaccording . ;
to the link flow allocationFlow. We use a simple example to! "€ ime complexity of Stepy depends on the number of

illustrate the construction of the auxiliary graph in Fig. 2. 1fiodes and links in the two consecutive layers, which are
the figure, the secondary interference values of lif®sA), 0Pviously bounded byn andn. So Steps takesO(m + n)

(D, A), (E, A), (D, B), (E, B) and(F, B) are assumed to e time. 'I_'he_: Ford-lfulkersor) algorithm can find the maximum

no greater than the corresponding boufi(h). flow within O(|E’| finax) time, where fumax < |V4| for our
Theorem 1:Algorithm 1 optimally solves the ITCP in Problem. Moreoveriuax < (dmax—1). S0 Step 4 can be done

O(mnhrnax log 5max) time, wheren, m, o and 5max are within O(log(émax—1)|Vh|\E/|) = O(mn log 6p1ax) time. Itis

the number of nodes, the number of links, the number of Iayé?%sy to see SteptakesO(|E'|) = O(m +n) time. Steps—

and the maximum node degree Gfrespectively. will be gxecuteqhmax — 1) times. The total time complexity

Proof: As mentioned before, the ITCP is essentially thef Algorithm 1 is thereforeO (mn/fimax 10g dmax)- .

problem of determining which node should be selected asOur algorithm is time-efficient in practice because the

the parent node for each nodein the next layer. Since the number of links between two consecutive layers are usually

secondary interference value of each link crossing two layaraich less thamn, and iy, anddy,.x are normally small.




V1. THE SCHEDULING ALGORITHMS its ancestors are updated. The procedure is repeated until all
In this section, we will present algorithms to solve th80des are scheduled.
scheduling problems. Since the uplink and downlink traffic
are scheduled for transmissions independently in differeftgorithm 3 Schedule-B3Q, 7o)
subframes according to the WIMAX MAC protocol [1jye  Step 1 B « 0; giotal < 219971 G,

will only discuss the USP and the corresponding algorithms if (qrotal < T0)
in the following The downlink scheduling simply follows. B — Q; return 1;
The link scheduling problems in a multihop wireless net- endif
work (even only with omni-directional antennas) are usuallyStep 2 v «— Lo ;
NP-hard [17]. Therefore, in the first part of this section, forall e {1,....,n—1}
we consider aspecial caseof the USP, where each node b — [Yarl; sk — 25 (s — 1 if g = 0)
has a relatively large number of DOFs but a relatively endforall qk
small number of potential interferers in its neighborhood, Tiem — To — 3 by
such that there exists a trivial DOF assignment which caRten 3 ;' argmin, oo 5 50!
eliminate all potential secondary interference. For example, if (Tiem = 0) Teturn s;; endif

if the number of DOFs in each node, K > [%} + 1,
where Nyax = maxo<;<n—1|V;|, then there exists a trivial
secondary interference free DOF assignment since half of
total secondary interference can be taken care of by DOFs
at the active receivers and another half can be dealt with
by DOFs at the '.;tctive Fransmitters. Therefore, in this Speci@igrorithm 4 Schedule-SSD, T}, 1)
case, only the primary interference needs to be addressed-fgy - — -
transmission scheduling. In the second part, we propose %tep 1B« 0; D« {j|v; is a descendant af; on Y'};

bj «+b; +1; 55 b*]y Trem < Trem— 1;
qj
goto Step3;

heuristic algorithm for the general case where both the primary D'~ DU {g}; )
and secondary interference need to be addressed. ﬁ}ot@* qé’;) 2 keD Uk
total > 14
A. The Scheduling Algorithm for the Special Case forall k € D" by, — qi; endforall
The basic idea of the proposed algorithm is to identify return 1;
the bottleneck nodén each step, compute the corresponding endif

T; .

bandwidth allocation for both the bottleneck node and its deSt€p 2 v « oo
scendants based on their demands, and then remove them from forall k € D’

the tree (by setting their demands(an our algorithm). This b — |vqr]; sk — 25 (sp — 1if g = 0)
procedure will be repeated until all the nodes are removed. endforall
The algorithm for solving the special case USP is formally Trem < T; —b; =23 4 pbi;
presented as Algorithm 2, whose input includes the bandwidtbtep 3 j « argmin, cp, si;
demand vectolQ = [qi,...,¢,_1], the number of minislots if (Trem=0 or (Trem= 1 and b; = ¢;))
available for uplink trafficT™ and the routing tred”. return s;;
endif
Algorithm 2 Solve-Special-USRJ, T%,Y) if (j=40r Trem=1)

b g o b L
Step 1 P « {i|v; is a non-leaf node oi'}; bi = bi+ 1 si = g5 Trem < Trem — 1

forall i € P T; — T*; endforall else _ by _
Step 2 y < Schedule-B8Q, Ty); bj —bj+1; 55— 25 Trem — Trem — 2;
forall i € P\ {0} endif
~; < Schedule-S&), T;, ); goto Step3;

endforall

Step 3 j « argmin;cp vi;
D — {i|v; is a descendant af; on Y'};
C « {i|v; is an ancestor of; onY'};
Bj 3 pep bk +bj;
forall i € C T; «— T; — B;; endforall
forall : € DU {j} ¢; = 0; endforall
if (Q # 0) goto Step2; endif

Algorithms 3 and 4 are similar, which not only test whether
the BS or a particular SS is the bottle node, but also compute
a corresponding bandwidth allocation. Note that once the
bandwidth allocation is determined, it is trivial to find a
corresponding transmission schedule and DOF assignment in
the special case. In both algorithmge, gives the total
number of minislots required for the traffic that needs to go
through the corresponding node (including the traffic generated

Algorithm 2 starts with the BS and check the SSs orfey itself and all its descendants). At every non-leaf noge
by one to find the bottleneck node using Algorithms 3 an@hcluding the BSuw), if giotar < T;, then both its demand and
4 in Step2. The details will be discussed later. In Stgp its descendants’ demands can be fully satisfied. Otherwise,
the bottleneck node and all of its descendants are remowtbd bandwidth is allocated to nodes in the subtree rooted
from the tree, and the number of free minislots in each at v; according to the ratioZe2. After that, the remaining




minislots (if there are any) will be allocated to nodes imvith minimum satisfaction ratia’ . > s.;,. Otherwise, the

the ascending order of their current satisfaction ratios, ungiffective satisfaction ratio of; in B": w’, > s .\ > Smin =

no more allocation can be made. After such an allocatian;. This contradicts with our proof tﬁat;j is maximized

procedure, the minimum satisfaction ratio of nodes on tfier the subtree rooted at;. Therefore, Algorithm 2 always

subtree rooted at; can be obtained and returned, which weomputes a bandwidth allocation vect® with max-min

call the effective satisfaction ratio af;. The non-leaf node satisfaction ratio.

with the minimum effective satisfaction ratio will be identified Algorithm 3 takesO(n) time since each step can be done

as thebottleneck nodeNote that the number of minislots thatwithin O(n) time. Similarly, Algorithm 4 can be done if(n)

can be allocated for a nodg, at its different ancestors aretime. In Algorithm 2, it takesO(n) time for initialization in

different. Basically, the nodes in the upper layers are mogepl. In Step2, Algorithm 4 is executed(n) times, each of

likely to be the bottleneck node since they need to handMhich takesO(n) time. Hence, the total running time of this

more relay traffic. step isO(n?). Step3 takesO(n) time. Since Ste removes
We present Algorithm 3 for the BS and Algorithm 4 forat least one node from the spanning tki&éethe loop composed

the SSs since the bandwidth allocation in the BS is differeat Steps2 and3 will be executedO(n) times. Therefore, the

from that in an SS. A non-leaf S$, needs to allocate time complexity of Algorithm 2 isO(n?). [ ]

bandwidth for traffic generated by itself as well as relay traffic In most cases, the bottleneck node is either the BS or an

generated by its descendants. Therefore, in order to provid® in the first layer. Therefore, if the SSs are labeled in a top-

one minislot to one of its descendants two minislots need down fashion, Steg@ of Algorithm 2 will only be executed a

to be arranged fov,, atwv;, one for link (v,,v;) and another few times. Therefore, the running time of Algorithm 2 is only

for link (v;,v,,), where h; and p; are the indices ofy;’s  O(n?) in practice.

child relaying v,'s traffic and v;'s parent node respectively. . .
However, the bandwidth allocation in the BS is simpler sindé The Scheduling Algorithm for the General Case

it does not have a parent node. We present an efficient heuristic algorithm (Algorithm 5) to
Theorem 2:Algorithm 2 computes a bandwidth allocationsolve the USP in the general case. It includes a subroutine that
vector B with max-min satisfaction ratio i) (n?) time. can optimally determine whether a set of links can be active

Proof: In Algorithm 2, if BS is the bottleneck node,Simultaneously, which is not trivial in the context of DAA
i.e., j = 0, Algorithm 3 will be executed once to computedntennas since DOFs can be allocated to suppress interference
a bandwidth allocation vector. We will show that Algorithm 3nd enable concurrent transmissions.
always finds a bandwidth allocation vectBr with max-min , S—
satisfaction ratio. If all bandwidth demands canlbe% satis- Algorithm 5 Solve-USPQ, 7™, L*)
fied, Algorithm 3 terminates at Stepand can obviously find Step 1 T' < 0; A «— 0; X« 0; t < 1;

a bandwidth allocation vectoB with max-min satisfaction forall i e {1,--- ,n—1}
ratio. Otherwise, the algorithm terminates when the number of a; < XreD;Qk + G,
remaining free minislotd’...,, = 0. In this case, if there exists endforall
another bandwidth allocation vectB with a larger minimum Step 2 SortL® in the ascending order dink satisfaction
satisfaction ratio, i.e s/ ;, > Smin, then3k, b}, > by +1. Since ratios; L «— (;
there is no free minislots, increasing the bandwidth allocatiostep 3 forall e = (v;,v;) € L*
of some nodev, must lead to decreasing the bandwidth (A, flag) < AssignDOKL, ¢);
allocation of another node;, i.e., 3j,b; < b; — 1. Therefore, if (flag = TRUE)
we have L—LU{e}; T}, 1,2« x +1;
, if (2 =1) L* « L* — {e}; endif
ngbigb] 1:L’WJJJ 1§7_i ) if (A #0)
qj qj qj qj forall (k,1) € A A} ; < 1; endforall
t .
In Step2 of Algorithm 3, since eachy, is rounded down to nfgi;a” (k1) ¢ A A, — 0; endforall
the nearest integeryqx |, V&, (Y—Smin)qx < 1. Therefore;y— n((ajif
L < Sunin. Combining this with (1), we have) < sy,. This en‘éfora”

contradicts with the assumptic_)n thef,, > Smin- Thergfore, Step 4t t+1;
there do_es not exist a bandw@th _allocatlon vedBdrwith a if (+<T") goto Step2; endif
larger minimum satisfaction ratio, i.es, ;, > Smin-

Next, we consider the case where the bottleneck ngde
is an SS, i.e.;j # 0. Similarly as above, we can prove that Algorithm 5 computes a scheduling matrik with a
Algorithm 4 can compute a bandwidth allocation vector witscheduling period ofl™ minislots, a DOF assignmenA
max-min satisfaction ratio for the subtree rooted abased on and a corresponding link bandwidth allocation veckr(z;
the minislot availability. The detailed proof is omitted due tindicates the bandwidth allocated to lirl;, v,,)) for the
space limitation. Les,,;,, be the overall minimum satisfactiongiven bandwidth demand® and a setL® of links on the
ratio found by Algorithm 2. Since; is the bottleneck node, routing treeY. The algorithm is a greedy algorithm which
smin = wj, Wherew; is the effective satisfaction ratio ef;. tries to pack as many links as possible in a minislot in
It is impossible to find another bandwidth allocation ved®dr the ascending order of their satisfaction ratios. Note that the




satisfaction ratio of a link is equal to the number of minisloteecause potential secondary interference can be eliminated
which have been allocated to it divided by the total number bfy assigning a DOF at either the corresponding transmitter

minislots needed for transmitting both local and relay traffiar receiver. Every node ha& DOFs and(K — 1) of them

The core part of this algorithm is the subroutine AssignDOgan be used to suppress secondary interference. That is why
(Algorithm 6), which determines whether a set of links cathe capacity of each edge ift; is set to (K — 1). As

be active concurrently and gives a feasible DOF assignmenéntioned before, the Ford-Fulkerson algorithm can always

if the answer is YES. find a maximum flow whose corresponding link flows are all
integers if the capacity of each link is an integer. Therefore,
Algorithm 6 AssignDOF(, ¢) if the Ford-Fulkerson algorithm can find a maximum flow of
Step 1 if (3 € L, e is incident tol) ITR| (|V2[) in G’, then there exists a feasible DOF assignment
return (0, FALSE); such that all potential secondary interference can be cancelled.
endif Otherwise, linke cannot be active concurrently with links in

with any link in L)

return (), TRUE); VIlI. PERFORMANCEEVALUATION
endif . L The performance of the proposed algorithms was evaluated
Step 2 Construct the auxiliary gragh' (V', E'); via extensive simulations. In the simulations, the nodes were

Apply the Ford-Fulkerson algorithm o’ to find a yniformly deployed within at x8 km? rectangular region, with
maximum flow fiax from s to d and the correspond- 3 BS at the top-left corner. The number of nodes (network size)

ing link flow allocation Flow; _ varied from25 to 150, with 25 as the step size. According
Step 3 if (fmax < |TR|) return (0, FALSE); endif to [1], the number of minislots per frame was set1®4.
forall ¢’ = (z,y) € E, (wherez corresponds to The uplink and downlink demands of an SS were set to a
nodewy, y corresponds to node paity,, v)) random number uniformly distributed if5, 10] and [10, 20]
if (Flowle'] =1) respectively. The transmission and interference range was set
if (k=nh)A—AU{(h,D)}; to 1 km and3 km respectively.
elseAd — AU{(l,h)}; endif Since our work is the first to address WiMAX scheduling
endif with smart antennas, we compared our scheduling algorithms
endforall with the first-fit algorithm and a trivial solution. The first-fit
return (4, TRUE); algorithm is a typical greedy algorithm, which tries to pack as

many links with unsatisfied bandwidth demands as possible in
rt_he first minislot in a top-down fashion without violating the
interference constraints, and then repeats this procedure for the
next minislot until all minislots are used. The trivial solution is
mentioned in the WIMAX standard [1], which does not allow
spatial reuse (i.e., only one link is active in each minislot).
In terms of routing, we compared the trees constructed by
our algorithm with the MSTs and BFS trees. The end-to-end

auxiliary directed graplG’ = (V', E’) is constructed to find - ; . .
a feasible DOF assignment, which consists of three types [Bfoughput, the minimum satisfaction ratio and t?zen\(vesllz)lgnown
u i=1 "%

vertices. In the following, we us&, and R, to denote the Jain's faimess index [10f(sy,s5, -+, s3) = 52
set of transmitters and receivers corresponding to link ste used as the performance metrics, wherés t%éfupiink
L U {e} respectively. We also define a node pair 8¢ = satisfaction ratio of node;.
{(vs,vj)|v; € Tr,vj € Ry,v; € Nj,(vi,v;) ¢ LU {e}}. In the first scenario, we compared different tree construction
Each of the first type of vertices if¥’ corresponds to a algorithms and scheduled the transmissions using our schedul-
node inT, U R,. Each of the second type of vertices¥{ ing algorithm proposed for the general case. The correspond-
corresponds to a node pair iiR. The corresponding vertexing results are presented in Fig. 3. In scenaficsnd 3, we
sets are denoted d§ and V; respectively.V’ also includes evaluated the performance of different scheduling algorithms
two virtual verticess andd. There is an edge from to each for the special and general cases respectively. Our algorithm
vertex in V; with a capacity of(K — 1), where K is the for solving the ITCP is always used to construct the routing
number of DOFs at each node. (&, there are two edgestree. The results are presented in Figs. 4 and 5 respectively. In
going to each vertex iz corresponding to node pdiv;,v;), scenariol, we evaluated the performance of different complete
one from the vertex corresponding #p and another from the solutions (scheduling + routing). Refer to Fig. 6 for the results.
vertex corresponding to;, both of which has a capacity of For scenariod, 3, and4, the number of DOFs at each node
1. There is also an edge from each vertexVinto d with a was set toK = 3. Each number presented in the figures is
capacity ofl. The corresponding edge sets are denote,as the average ovet00 simulation runs. In each run, a network
E, and E5 respectively. Hence, we havé = V; UV, U{s,d} is randomly generated. In these figures, “USP” stands for our
andE = F, U Es U Ej3. uplink scheduling algorithm for the special and general cases
In G’, vertices inV; actually correspond to potential secand “ITCP” represents our tree construction algorithm. We
ondary interference. We create two edges for such a vertaake the following observations from Figs. 3—-6.

In Step1, we check whether there exists primary interfe
ence betweere and a link in L. If so, there is no way to
activate them concurrently via DOF assignment. Moreover,
there is no secondary interference betweeand any link
in L (including the case wherd = {)), we immediately
know e can be active concurrently witlh. Otherwise, the



‘‘‘‘‘ o= . A —=—[TCP 005 ==
o i, .
= 5 08 ‘=e- BFS
a o AR - A-MST
= c . 3 « 0.9
=) S . ® [0}
3 k] Y “\ 2
£ —=—|TCP SO06 ot < 085
= =0~ BFS 2 . R 8
i -A-MST D04 s L £ 08 :
E = . E :
2 € . ®-a n 0.78 —=—|TCP p
& . £02 S5 SRR 3 R
TTael = e 07 -0- BFS g
100 ALl T -A-MST -
0 "= 0.65
25 50 75 100 125 150 25 50 75 100 125 150 25 50 75 100 125 150
Network Size Network Size Network Size
(a) End-to-end throughput (b) Minimum satisfaction ratio (c) Fairness index
Fig. 3. The tree construction algorithms
400 16 18 - ——
250 o I —=—USP R
2 ' e E o
5 S 08l o= Flr.stt Fit 0.8
£ 300 = P = A~ Trivial
=) s v )
=3 A}
§ 250 —=—USP 206 % % 0.6 —gr
; ) & \ ) )
) Lo =0- FnjsF—Flt = . @ . 1=0=" Flr.sF—Flt
(5 200/ 52 hEHet = A~ Trivial n 04 v €04 . = A= Trivial
o R giiblty . E A v s ~’“/~“
¢ 150 Se g A n ::~._‘__
i ey go02f oy 0.2 R R il 3
1005 s n -0
Seea ' ¥l
50 el SLLTTY PP CPRp 0 L SN . 0
25 50 75 100 125 150 25 50 75 100 125 150 25 75 100 125 150
Network Size Network Size Network Size
(a) End-to-end throughput (b) Minimum satisfaction ratio (c) Fairness index
Fig. 4. The scheduling algorithms for the special case
1 -
B
350 1 —a—USP CRREIY
o [} . N kY
- = B =0~ First—Fit|
< 0.8 v 0.8 *
Ea 300 o a - A= Trivial *
S 550 s B B % .
5t =
2 —8—USP 806 5 o6 . A —=—UsP
F 200 \=0- First—Fit ° v A . S '=0-' First—Fit]
o T ) ] .~
] e = A= Trivial (/E7 0.4 ' % 0.4 aQ \‘ = A- Trivial
2150 el E A 4 = : .
2 - E AU n . AL
uw 100 h ol I TP £02 Y 0.2 AT ShA
IREE A T = N b Y
CE T W, - Ky Q-
50 Bilalolehe alututalel o L L L o O mmimg
25 50 75 100 125 150 25 50 75 100 125 150 25 50 75 100 125 150
Network Size Network Size Network Size
(a) End-to-end throughput (b) Minimum satisfaction ratio (c) Fairness index
Fig. 5. The scheduling algorithms for the general case
350 = = - x 1 5 -
o —a—USP + ITCP R
2 o FirstFi .
S
5, 250 —=—USP + ITCP p irst—Fit + g 3
E (=0~ First-Fit + BFS £ <] i
o
£ 200 - A= First-Fit + MST 209 £06 % —=—USP + ITCP
= 7 % % 2 A o ‘=0=' First-Fit + BFS
(T 1509 1== = o n 04l s € 0.4 ’ = A= First-Fit + MST
e o= -0 g \ 5 94N .
= Rl T S Y w A ..
T 100 ~-g £ \ " \ S
TR ¥ £o2 . 0.2 . L P
~ by .~
50 ... y X & mmim <
o Am--n- Y CET T SPPTPy G of s 0 | SR Y PPPPE CPPEPY
25 50 75 100 125 150 25 50 75 100 125 150 25 50 75 100 125 150
Network Size Network Size Network Size

(a) End-to-end throughput

(b) Minimum satisfaction ratio

Fig. 6. The complete solutions

(c) Fairness index



1) As shown in Fig. 3, compared to the BFS and MST algo-
rithms, on average, our tree construction algorithm improveﬁ]
the minimum satisfaction ratio 1% and120%, the fairness
index by 15% and 10%, and the end-to-end throughput by [2]
3% and 140%, respectively. Essentially, more links in an end-[3
to-end path (larger tree height) will normally lead to worse
performance because it is more likely that allocating enoug
resources to an end-to-end path may fail. According to o 1
observations, an MST usually has a larger height than the tr¢g
constructed by our routing algorithm. A BFS tree has smaller
height than an MST. However, the BFS trees are usually n
balanced, i.e., a particular node may have a relatively large
number of descendants, which is obviously a negative fact?J,'
for achieving good performance. ]

2) Our scheduling algorithms always perform the best in
both the special and the general cases. Specifically, comparét
to the first-fit algorithm, our scheduling algorithm (for the gen-
eral case) can significantly improve the end-to-end throughpid]
Moveover, no matter how large the network is, the fairness
indices given by our scheduling algorithms are always very
close t01.0, which indicates that our algorithms can achievigo]
a fair bandwidth allocation. As expected, the trivial algorithm
performs very poorly in terms of both throughput and fairnesgg
since it does not take advantage of spacial reuse.

3) Not surprisingly, the complete solution using our sched
ing and routing algorithm significantly outperforms all othe
solutions. Specifically, compared to the first-fit+BFS solution,
our solution achieves an average improvementl®f% on
the end-to-end throughput46% on the minimum satisfaction
ratio, and177% on the fairness index. [14]

4) A denser (larger) network usually has heavier traffic
demands, and is supposed to result in higher throughput)
Therefore, we can see from Figs. 3—6 that the end-to-end
throughput given by our scheduling and routing algorithms
always increases with the network size. However, morgs
SSs introduce stronger interference, which will hold back
the throughput improvement on the contrary. Therefore, tf[lfﬂ
throughput given by algorithms without carefully addressing
interference impact such as the first-fit algorithm may even
decrease with the network size. In addition, the minimu
satisfaction ratio and the fairness index always decrease with
the network size because it is more difficult to achieve good
fairness in a larger network. (19]

12]

VIIl. CONCLUSIONS [20]

In this paper, we studied routing and scheduling in wireless
backhaul networks with smart antennas. We formally defingzi]
the Interference aware Tree Construction Problem (ITCP) for
routing and presented a polynomial-time algorithm to solve Fz
It has been shown by simulations that the trees construc ed
by our algorithm outperform the well-known MST and BFS
trees. We presented a polynomial-time optimal algorithm for&’l
special case of the scheduling problem as well as an effective
heuristic algorithm for the general case. Our simulation results
showed that compared with other solutions such as the firgt!
fit+BFS solution, our interference aware routing and schedul-
ing scheme can improve throughput b$4% and fairness
index by 177% on average.
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