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Abstract— Wireless mesh networks with multi-beam capability
at each node through the use of multi-antenna beamforming are
becoming practical and attracting increased research attention.
Increased capacity due to spatial reuse and increased transmis-
sion range are potential benefits in using multiple directional
beams in each node. In this paper, we are interested in low-
complexity scheduling algorithms in such multi-beam wireless
networks. In particular, we present a scheduling algorithm based
on queue length information of the past slots in multi-beam net-
works, and prove its stability. We present a distributed imple-
mentation of this proposed algorithm. Numerical results show
that significant improvement in delay performance is achieved
using the proposed multi-beam scheduling compared to omni-
beam scheduling. In addition, the proposed algorithm is shown
to achieve a significant reduction in the signaling overhead com-
pared to a current slot queue length approach.

I. INTRODUCTION

Wireless networks are increasingly being considered in sev-
eral network scenarios as good alternatives to their wireline
counterparts, mainly because they avoid cumbersome wiring/-
cabling and support user mobility. Recently, due to advance-
ments in multi-antenna beamforming technology, wireless no-
des with multiple antennas with beamforming capabilities are
becoming practical [1]. Beamforming techniques offer the
advantages of increased range compared to omni-directional
antenna transmission, and interference avoidance due to the
use of narrow beams. The ability to provide several direc-
tional beams simultaneously in a given wireless node can of-
fer significant increase in network throughput through spatial
reuse. Given the multi-beam capability in each node, it is of
interest to address higher layer issues including link schedul-
ing, which forms the focus in this paper.

Capacity of wireless networks with nodes having omni-direc-
tional antennas has been studied by Gupta and Kumar in [2].
The capacity of wireless networks can significantly improve
if directional antennas are employed at each node, due to spa-
tial reuse and increased transmission range. The capacity of
wireless mesh networks with directional antennas has been
analyzed in [3]-[5]. Several transmission protocols for wire-
less mesh networks using directional antennas have been pro-
posed in the literature, e.g., [6]-[8]. Analytical studies re-
ported in the multi-beam networks area are limited. In our
work in this paper, we consider a low-complexity queue-length
based scheduling strategy suited for wireless networks with
multiple beams in each node, and analyze its stability. The
proposed scheduling scheme is based on queue length infor-
mation of past slots.

This work in part was supported by Indo-French Centre for the Promotion
of advanced Research (IFCPAR) Project No. 4000-1T-1.

A. Related Work

In [9], Tassiulas and Ephremides derived a centralized joint
routing and scheduling policy, known as maximum weight
policy, and characterized its stability region. But this pol-
icy requires a centralized implementation and global queue
length information at the scheduler. So it is prohibitive for
practical implementation. Subsequently, several distributed
policies have been proposed in the literature. In [10], Tas-
siulas proposed a policy for switch scheduling to reduce the
complexity while stabilizing all arrival rates in the capacity
region. A distributed implementation of [10] for wireless net-
works was proposed by Modiano et al in [11], with the weight
comparison between matchings being done via an averaging
mechanism. Another policy for implementing [10] was stud-
ied in [12]. Lin and Shroff, in [13], studied the effect of im-
perfect scheduling in wireless networks. An issue with the
policies in [10],[11],[12] is that the network overhead grows
with the network size. So a question of interest is: can we
achieve full throughput with low overheads? Lin and Rasool,
in [14], showed that close to 1/3 of the capacity region can be
achieved with O(1) overhead, i.e., constant overhead. Gupta
et al in [15], and Joo and Shroff in [16] built on this result in
[14] and achieved close to 1/2 the capacity region with con-
stant overhead. In [17], it has been shown that full throughput
can be achieved with constant overhead when we consider a
node exclusive spectrum sharing model for interference. All
these works do not consider multiple beams at the network
nodes. Our focus here is on scheduling policies in the context
of multi-beam wireless networks.

B. Contribution

Our contribution is this paper can be summarized as follows.

• We present a low-complexity scheduling algorithm for
multi-beam networks which takes into account the past
slot queue length information at the nodes. The algo-
rithm in [10] was proposed for switch scheduling and
deals with current slot queue length information. We
extend this algorithm for multibeam network by consid-
ering past queue length information.

• We prove the stability of the proposed algorithm through
a mean drift analysis.

• We present a distributed implementation of this algo-
rithm. Numerical results show that the proposed algo-
rithm achieves significant delay performance improve-
ment compared to omni-beam scheduling. In addition,
the signaling overhead is shown to be significantly re-
duced in the proposed multi-beam scheduling.
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II. SYSTEM MODEL

Consider a wireless mesh network satisfying the following
properties:

1) There are N nodes in the network, each node having B
beams. Figure 1 shows an illustrative example of the
beam pattern model in a node having B = 4 beams.

2) Time is divided into equal-sized slots.
3) Beams are activated/deactivated at the slot boundaries,

based on the scheduling policy.
4) Beams are half-duplex; i.e., each beam can be activated

either in transmit mode or in receive mode in a slot.
5) All beams in a node can be activated simultaneously, if

the schedule permits.
6) There are J flows in the network, each designated by

its destination node. A flow can have packet arrivals
from every node in the network other than its destina-
tion node.

7) In each node in the network, there are J buffers (queues),
one for each flow.

8) A physical link between two nodes is said to exist if
they are within each others decodable range. Let L de-
note the number of physical links in the network.

9) A physical link between two nodes is said to be ac-
tivated in a slot if they beamform towards each other
using a transmit beam in one node and a receive beam
in the other node in that slot.

10) Each physical link is viewed as two directional links
one in each direction; e.g., a physical link between nodes
A and B is viewed as one directional link from A to B
and another from B to A, and only any one of them can
be activated in a slot.

11) Each directional link is viewed as J virtual links, one
for each flow. Therefore, for a given physical link, there
will be 2J virtual links, and only any one of these vir-
tual links can be activated in a slot.

12) The transmission rates on virtual links in the entire net-
work is represented by a J × 2L matrix. The feasible
set of rate matrices, denoted by Γ, is assumed to have a
finite number of elements.

13) The J × 2L rate matrix in slot t is denoted by R(t). A
simple and widely used model considers Rjl ∈ {0, 1}.
In a more general setting, the Rjl’s can be based on the
link SINRs.

14) The feasible set, Γ, can differ in omni-beam and multi-
beam scenarios due to spatial reuse. For e.g., in a 3-
node linear network with one flow, assuming node ex-
clusive spectrum sharing for omni-beam case [17] and
assuming non-directional links with Rjl ∈ {0, 1}, the
feasible set of rates on links 1 and 2 for the case of
omni-beam is Γ = {(0, 0), (0, 1), (1, 0)}. For the case of
2 beams per node, Γ = {(0, 0), (0, 1), (1, 0), (1, 1)}.

15) Packets sent on links that are activated as per a feasible
rate matrix are assumed to be decoded error-free.

16) Let Q(t) denote the J×N queue length matrix in slot t,
such that Qj,n(t) denotes the queue length at nth node
corresponding to jth flow in the tth slot.

17) Let P denote the 2L × N adjacency matrix of the net-
work, where

Fig. 1. An illustrative example of the beam pattern model in a 4-beam node.

Pl,n =

⎧⎨
⎩

1 if directional link l originates from node n
−1 if directional link l is incident on node n
0 if directional link l is not connected with node n.

18) Finally, let Aj,n(t) denote the number of new packet
arrivals at the nth node corresponding to the jth flow in
the tth slot.

A. Algorithm Based on Current Slot Queue Length (CSQL)

Optimum scheduling policy based on maximum weight mat-
ching achieves full capacity in wireless networks [9], but it
is less practical because of its high computational complex-
ity. Several sub-optimal scheduling algorithms for wireless
networks have been proposed in the literature; e.g., the low-
complexity algorithm proposed in [10] is based on Q(t), the
global queue length information of the current slot, whose
worst case overhead is O(N2). We have adapted this current
slot queue length (CSQL) information based algorithm for the
multi-beam system model described above as follows.

Let us assume that at slot t, the scheduler knows Q(t) and
R(t−1). We need to decide the schedule for slot t, i.e., deter-
mine R(t). Let R�(t) be the feasible rate matrix which max-
imizes global weighted sum of link rates when queue length
matrix is Q(t), i.e.,

R�(t) = arg max
R

tr{RPQT (t)}, (1)

where tr{.} denotes the trace operator, and PQT (t) is the
transpose of the J × 2L weight matrix, where the weight of a
virtual link for a flow is defined as the difference between the
corresponding source and destination queue lengths.

1) In slot t, pick some feasible rate matrix R randomly
from Γ such that Pr{R = R�(t)} ≥ δ, 0 < δ < 1.

2) Choose R(t)=R if tr{RPQT (t)}≥ tr{R(t−1)PQT (t)},
i.e., R offers higher weighted sum of link rates com-
pared to R(t − 1) for Q(t); else, R(t) = R(t − 1).

Motivated to reduce the high signaling overhead involved in
the implementation of this CSQL based scheduling, we con-
sider the following algorithm which computes schedules bas-
ed on the queue length information of the past slots.

B. Algorithm Based on Past Slots Queue Length (PSQL)

Let us now assume that, instead of knowing the CSQL infor-
mation Q(t), the scheduler knows the queue length informa-
tion and rate matrices of the past D slots; i.e., the scheduler
knows Q(t − D) and R(t − D), where D is a finite positive
integer. In this past slots queue length (PSQL) based scheme,
the schedule for slot t, R(t), is obtained as follows.



1) In slot t, pick some feasible rate matrix R randomly
from Γ such that Pr{R = R�(t)} ≥ δ, 0 < δ < 1,
and R�(t) = arg maxR tr{RPQT (t − D)}.

2) Choose R(t) = R if tr{RPQT (t − D)} ≥ tr{
R(t−D)PQT (t−D)}, i.e., R offers higher weighted
sum of link rates compared to R(t−D) for Q(t−D);
else, R(t) = R(t − D).

In the following section, we prove the stability of this PSQL
algorithm through a mean drift analysis.

III. STABILITY OF THE PSQL ALGORITHM

Consider the random process

Xn = {R(nD − 1), .., R(nD − D), Q(nD − D), .., Q(nD − 2D)} (2)

where n = 0, 1, 2, · · · . It can be observed that Xn is an
irreducible discrete-time Markov chain (DTMC) The PSQL
algorithm will achieve full capacity, i.e., it will stabilize all
queues in the network for all set of stabilizable arrival rates if
the DTMC Xn is positive recurrent. The queue lengths in the
network evolve as

Q(t + 1) = Q(t) + A(t) − R(t)P. (3)

To carry out the drift analysis, we consider the following Lya-
punov function

h(Xn) = f(Xn) +
2

δD
g(Xn), (4)

where

f(Xn) = tr{QT (nD − D)Q(nD − D)} (5)

and

g(Xn) = tr

{[
R�(nD − 1) − R(nD − 1)

]
PQT (nD − D − 1)

+ · · · +
[
R�(nD − D) − R(nD − D)

]
PQT (nD − 2D)

}
. (6)

f(Xn) is a non-negative function on the state space. Now,

E
[
f(Xn+1) − f(Xn)

∣∣∣Xn

]
= E tr

{[
Q(nD) − Q(nD − D)

]
[
Q(nD) + Q(nD − D)

]T
∣∣∣Xn

}

≤ E tr
{[

A(nD − D) − R(nD − D)P + · · · + A(nD − 1)

−R(nD − 1)P
][

2Q(nD − D) + A(nD − D) − R(nD − D)P

+ · · · + A(nD − 1) − R(nD − 1)P
]∣∣∣∣Xn

}
. (7)

The inequality in (7) is due to the queue length for a flow at
its destination being zero. Now, the total number of arrivals
and departures over D slots can be bounded above. Hence,

E
[
f(Xn+1) − f(Xn)

∣∣∣Xn
] ≤ const + 2E tr

{[
A(nD − D)

−R(nD − D)P + · · · + A(nD − 1) − R(nD − 1)P
]
QT (nD − D)

∣∣∣Xn

}
.

For stabilizable mean arrival rate, E[A(nD−D)] ≤ ∑
k

ckR′
kP ,

where the entries of R′
k are same as those in Rk ∈ Γ, except

at entries which correspond to virtual links incident on the

corresponding destination nodes, where they are made as ze-
ros. Also, 0 < ck and

∑
k ck < 1. Hence,

E tr

{[
A(nD − D) − R(nD − D)P

]
QT (nD − D)

∣∣∣Xn

}

≤ const + E tr

{( ∑
k

ck − 1
)
R�(nD − D)PQT (nD − 2D)

∣∣∣Xn

}

+ E tr

{[
R�(nD − D) − R(nD − D)

]
PQT (nD − 2D)

∣∣∣Xn

}
, (8)

where we have used the fact that R�(nD − D) provides the
optimum weight for Q(nD − 2D). Following similar steps
for other terms, we obtain
E

[
f(Xn+1) − f(Xn)|Xn

] ≤ const + 2g(Xn) − ε tr
{

R�(nD − D)

PQT (nD − 2D) + · · · + R�(nD − 1)PQT (nD − D − 1)
}

, (9)

where ε is strictly positive. Now, letting A to denote the event[
R(nD), .., R(nD + D − 1)

]
�=

[
R�(nD), .., R�(nD + D − 1)

]
, we

can write

E
{
g(Xn+1)|Xn

}
= Pr

{A}
E tr

{[
R�(nD) − R(nD)

]
PQT (nD − D)

+ · · · +
[
R�(nD + D − 1) − R(nD + D − 1)

]
PQT (nD − 1)

∣∣∣Xn,A
}

≤ (1 − δD) E tr

{[
R�(nD) − R(nD)

]
PQT (nD − D) + · · ·

+
[
R�(nD + D − 1) − R(nD + D − 1)

]
PQT (nD − 1)

∣∣∣Xn,A
}

. (10)

Now, assuming that the maximum number of arrivals to be
bounded and observing that tr{R(nD)PQT (nD − D)} ≥
tr{R(nD − D)PQT (nD − D)}, we obtain

E tr

{[
R�(nD) − R(nD)

]
PQT (nD − D)

∣∣∣Xn,A
}

≤ const +

E tr

{[
R�(nD − D) − R(nD − D)

]
PQT (nD − 2D)

}
. (11)

Performing similar operations on other terms, we obtain from
(10)

E{g(Xn+1) − g(Xn)|Xn} ≤ const − δDg(Xn). (12)

From (9) and (12), we obtain the mean drift of h(Xn) =
f(Xn) + 2

δD g(Xn) as

E{h(Xn+1) − h(Xn)|Xn} ≤ const − ε tr
{

R�(nD − D)

PQT (nD − 2D) + .. + R�(nD − 1)PQT (nD − D − 1)
}

. (13)

We observe that if one among Q(nD−D− 1), . . . , Q(nD−
2D) has at least one element sufficiently large, then the R.H.S
of (13) will be negative. So the mean drift of h(Xn) is nega-
tive over the entire state space of Xn except for a finite num-
ber of states where the drift is bounded above. Hence, Xn is a
positive recurrent DTMC. Hence this PSQL policy achieves
full capacity. We note that the analysis is same for omni-
beam and multi-beam case. The only difference is that the set
of feasible rate matrices are different in the two scenarios.

IV. DISTRIBUTED IMPLEMENTATION OF THE PSQL
ALGORITHM

In this section, we present a distributed implementation of
the PSQL algorithm given in Sec. II-B, and show that the
pipelined nature of signaling messages over multiple past slots
in PSQL significantly reduces the signaling overhead com-
pared to CSQL.



A. Distributed Implementation

At the beginning, the following initialization is done.

1) A maximal spanning tree of the network is found, and
each node is provided with the information of the tree
structure and the root node.

2) Nodes are colored in such a way that any pair of nodes
having the same color can transmit without collision in
the same slot. Let M denote the total number of colors
in the network.

3) Each node is made aware of its own color, priority of
that color, and the number of colors in the network.
Since the knowledge of the tree is available at all nodes,
each node knows its parent node, child nodes, number
of hops from it to its farthest child node as well as to
the root node, and the height of the tree, Lmax.

4) The value of D is also known at all nodes.

Slot Structure: Each slot consists of three parts, namely, con-
trol part 1 (CP1), control part 2 (CP2), and data part (DP), as
shown below.

CP1 CP2 DP

CP1 is meant for the purpose of directional RTS-CTS ex-
change between nodes for picking an R matrix (i.e., accom-
plish Step 1 in the PSQL algorithm), which is implemented
in a distributed way. CP1 is split into M pairs of RTS-CTS
minislots as shown below, where M is the number of colors
in the network.

CP1: RTS 1 CTS 1 . . . RTS M CTS M

CP2 is meant to accomplish Step 2 of the algorithm in a dis-
tributed way using omni-directional transmission of signal-
ing messages in a pipelined manner. CP2 consists of multiple
minislots to carry the cumulative weight information towards
the root node, and the decision made by the root node towards
the leaf nodes. For e.g., if D = 2Lmax, the number of mini-
slots in CP2 can be M , where M is the number of colors in
the network. This is because, since the height of the tree is
Lmax, signaling messages should traverse Lmax hops from
the farthest child to the root and vice versa for checking R
and broadcasting the decision down the tree. In this case, in
each CP2, one minislot for one color is adequate.

DP is meant for directional transmission of data. As per the
protocol, the schedule for activating links for DP in slot t is
decided by the root node ahead of slot t. For e.g., if D =
2Lmax, then the schedule for slot t is decided at slot t − D

2 .

Protocol Operation: In the following, we describe the proto-
col for D = 2Lmax. In RTS 1 minislot, the highest priority
nodes (identified by their colors), for each of their beams, ei-
ther choose no link with some non-zero probability or choose
randomly one link from the set of all virtual links outgo-
ing from that beam with a uniform distribution. An RTS
message contains the IDs of the sending and the receiving
nodes, index of the flow corresponding to the chosen vir-
tual link, current slot queue length of the chosen flow at the
sending node1, and the queue length at the sending node cor-

1We note that this CSQL information will become PSQL information when
it reaches the root after several slots for performing Step 2 of the algorithm.

Fig. 2. 11-node linear network with 2 beams per node.

responding to the flow that is going to be activated in the
DP of the current slot. On receiving the RTS 1 messages,
the receiving nodes send their ACKs in the CTS 1 minislot.
Similar RTS and CTS message exchanges happen for the re-
maining M − 1 colors in the next M − 1 RTS-CTS mini-
slot pairs. We note that in CTS 2 to CTS M , the messages
can be NACK or ACK; NACK is for disallowing granting
of any link that can interfere with the transmission of an al-
ready assigned link in the previous RTS-CTS minislots in the
slot. So, at the end of CP1 of slot (t − D), node n becomes
aware of tr{RPQT (t−D)}n and tr{R(t−D)PQT (t−D)}n,
i.e., the weighted sum of link rates of all the virtual links
incident on node n corresponding to the schedules R and
R(t − D). The nth node metric at slot t − D, defined as

Fn(t−D)
�
= tr{RPQT (t−D)}n − tr{R(t−D)PQT (t−D)}n

are passed to the root node in a cumulative manner in CP2
over several slots to determine R(t). The root node gets all
the information it needs to decide R(t) by the end of slot
t − D

2 . If
∑

n Fn(t − D) ≥ 0, then the root node decides to
switch the schedule to R in slot t, and not to switch otherwise.
This decision is conveyed to all the nodes on the downstream
in CP2 minislots so that every node comes to know of the
schedule to use at slot t.

An Illustration: Consider the 11-node linear network with 3
colors (i.e., M = 3) shown in Fig. 2, with node 1 as the
root node so that Lmax = 10. The colors arranged in de-
scending order of priority are Green, Red, Blue. Consider
D = 2Lmax = 20. In the 1st minislot of CP2 of slot (t−19),
node 11 will send F11(t − 20) to node 10. Node 10 will
compute F11(t − 20) + F10(t − 20) and send it to node 9
in minislot 2 of CP2 of slot (t − 18). Node 9 will compute
F11(t − 20) + F10(t − 20) + F9(t − 20) and send it to node
8 in minislot 3 of CP2 in slot (t− 17). This cumulative trans-
fer of node metric continues so that in slot (t − 10), node 2
will send

∑11
n=2 Fn(t− 20) to the root node 1. The root node

computes
∑11

n=1 Fn(t − 20) and decides on the schedule to
be used in slot t. This decision is relayed to all nodes in slots
(t − 9) to t, which will be used by all nodes in slot t .

Signaling Overhead: We find that the signaling overhead size
per slot is O(M) for this distributed implementation. For
large networks with efficient coloring, M can be much smaller
than N . So, the proposed protocol achieves full capacity with
low signaling overhead. In a fully connected network, we
encounter the worst case overhead, where M = N and the
overhead becomes O(N).

Comparison between PSQL and CSQL in Multi- vs Omni-
beams: In the 11-node linear network in Fig. 2, the overhead
is 3 + (3× 20) = 63 messages for CSQL, because the sched-
ule for slot t must be found in slot t itself. So CP2 in CSQL
requires 20 hop overhead exchange, which is multiplied by
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Fig. 4. Mean delay performance comparison between PSQL multi-beam
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PSQL multi-beam. J = 2.

3 due to 3 colors. For a general network, the overhead re-
quired in CSQL is O(MN). On the other hand, the PSQL
the overhead reduces from 63 messages to 6 messages when
we use D = 20 for the linear network Fig. 2. Figure 3 illus-
trates the reduction in the overhead as a function of D; larger
the value D, larger is the overhead reduction. This reduction
comes along with an increased degradation in the delay per-
formance for increasing D (because of ignoring current slot
queue length information), which is shown in the simulated
mean delay performance plots in Figs. 4 and 5. However,
it can be seen that with multi-beam capability (B = 2), the
proposed PSQL algorithm outperforms significantly in delay
performance the omni-beam scheme employing even CSQL .
We also compared the delay performance between CSQL and
PSQL algorithms, both under multi-beam case, for a 16-node
grid network. The results are shown in Fig. 6. While CSQL
provides better delay performance compared to PSQL, the
overhead of PSQL is significantly less compared to CSQL.
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V. CONCLUSIONS

We presented a low-complexity scheduling algorithm for multi-
beam wireless mesh networks. The algorithm obtained the
schedules based on the queue length information of the past
slots. The proposed algorithm was proved to achieve full ca-
pacity. Delay performance in multi-beam case with the pro-
posed scheduling was shown to be significantly better that
in omni-beam case based on current slot queue length infor-
mation. The proposed scheme also resulted in significant re-
duction in signaling overhead compared to current slot queue
length based scheduling.
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