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Abstract— In this paper, we consider the problem of interference suppression by performing a joint iterative beamforming [1]
and channel allocation (JIBCA) strategy for wireless nodes
under contracted quality-of-service (QoS) constraints in an ad hoc
network. The objective is to maximize the signal to interference
plus noise ratios (SINRs) between two communicating nodes
under constant transmit power considering the interference from
other nodes in the network. For this purpose, the interference impaired network is modeled as a noncooperative joint
beamforming and channel allocation game, in which the payoff
includes the maximization of the target SINR and the limiting
factor is related to the interference caused by other nodes.
The proposed JIBCA algorithm is shown to give better SINR
efficiency both with the assumptions of perfect and imperfect
channel information availability at the transmit/receive units over
the network. It is also shown through simulation results that
the JIBCA algorithm converges to Nash equilibriums (NE) and
results in SINR efficiency improvement.
Index Terms— multiple antenna ad hoc networks, game theory,
interference mitigation

I. I NTRODUCTION
Wireless ad hoc networks can establish connections between
communication systems in a flexible way. As networks become
less integrated and involve more distributed decision making
strategies, recent radio technology helps the deployment of
smart flexible networks and nodes. Hence, the network can
be adjusted to adapt to the changing environment such that
the overall network performance is enhanced. The demand
for wireless spectrum use has been growing in the mobile
communication industry in the last decades. However, at the
same time the scarce spectrum availability and increased
number of users push wireless service providers to search for
intelligent ways of spectrum usage.
Channel allocation can be an effective way to increase
spectral efficiency [2]. Channel allocation or frequency assignment method has been extensively studied especially for
cellular networks [3]. For emerging communication technologies other than cellular networks, channel allocation method
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is investigated for wireless local area networks (WLANs)
based on weighted graph coloring [4]. For cognitive radios,
a dynamic channel allocation scheme based on a potential
game is presented in [5]. Channel allocation problem for ad
hoc networks is expected to attract great attention for future
communication system designs.
In spatial beamforming, each communicating node’s symbol
stream is multiplied by a preselected beamforming weight
vector for transmission through multiple antennas such that
the overall interference due to other multiple nodes which are
using the same frequency simultaneously is minimized. Capacity achieving linear precoders and beamformers are studied for
point-to-point MIMO links in [6] and for cellular networks
in [7]. For distributed beamforming, spatial beamforming
algorithms in ad hoc MIMO networks are proposed in [1]
as a noncooperative game for overall power minimization of
the network under a QoS constraint.
The use of joint iterative channel allocation (or frequency
selection) and spatial beamforming can solve the problem of
scarce spectrum availability and can significantly improve the
contracted quality of service (QoS) of multiple antennas wireless ad hoc networks. In ad hoc networks with no centralized
controllers, it may not be possible to ensure a guaranteed QoS
due to lack of centralized controllers [8]. Therefore, instead
of providing guaranteed QoS, it is more reasonable to resort
to the concept of contracted QoS. The JIBCA algorithm in
this paper attempts to achieve a flexible target SINR desired
by the users under constant transmit power. If this target
SINR is not achievable due to strength of interference, the
algorithm attempts to achieve the next lower QoS by lowering
the requested user’s target SINR.
At the network level, the node pairs appropriately select
their transmission channel frequencies and simultaneously at
the physical layer, the nodes with multiple antennas adjust
their spatial beamforming patterns such that the overall interference sensed by two communicating node pairs can be
minimized jointly while meeting the QoS constraint. In this
way, the total network throughput can be maximized or the
total transmission power can be minimized while enforcing a
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with M transceiver antennas. Each node has a unit-norm
receive/transmit beamformer pair (wi√
, gi ) with wi , gi ∈ C M .
An unnormalized beamformer ĝi = Pi gi is defined where
Pi is the transmitted power of node i [1].
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Fig. 1. Node pairs and interference of other nodes on node pairs (i, l(i))
due to beamforming and channel allocation.

QoS constraint.
In this paper, we assume that the nodes in the ad hoc
network are selfish and want to maximize their own performance without necessarily respecting the system objectives. Therefore, nodes adapt to the changing environment
independently such that the overall interference seen between
two communicating users in the network is minimized. We
investigate a distributed adaptation strategy in order to reduce
the interference and consequently facilitate multi-user communication in multiple antenna ad hoc networks. We assume that
the node pairs can measure the local interference on different
frequencies and can adjust to the changing environment by
optimizing their beamforming pattern for a given channel
quality (for example, meeting the contracted QoS constraint)
and by possibly switching to a different frequency channel.
Game theory can be used as a useful tool for designing
and analyzing the behavior of wireless nodes that make
independent decisions based on the interactions with other
nodes and on the changing environment [9]. We can define
the interactions between nodes which have multiple transmit
and receive antennas in an ad hoc network within a game
theoretic framework. The nodes can optimize their performance by modifying their transmission parameters, such as
frequency, bandwidth, power, beamforming patterns etc. This
optimization can influence their performance as well as the
performance of neighboring players. The selfishness of the
participants is a motivation for noncooperation.
II. S YSTEM M ODEL AND C ONCEPTS
The ad hoc network considered here consists of multiple
transmit and receive antenna node pairs as shown in Fig. 1.
Interference is caused at a receive node by transmissions
from the user nodes different from the one associated with
that particular receive node at the same channel frequency. In
our ad hoc network model, pairs of users want to communicate
only with each other, i.e. nodes i ∈ 1, 2, · · · , N , communicate
with only one node (l(i) 6= i), using symbol stream bi (n) ∈ C
with E|bi (n)|2 = 1 similar to [1]. Each node is equipped

We assume that all nodes have some packets to transfer
and all nodes in the network can transmit simultaneously.
The network is assumed to be synchronous and the set of
available orthogonal channels is denoted by F. We assume that
the available frequency band of the whole network is divided
into |F| orthogonal channels f1,i , f2,i , ...., f|F|,i of the same
bandwidth for node pairs (i, l(i)). Each node has the capability
of switching between K orthogonal frequencies where K <
|F|. Since we assume that there is a two way communication
link between node pairs (i, l(i)), the multiple transmitters and
the receivers of each node are able to coordinate and can
select the same channels over all antennas to communicate.
All antennas that participate in communication between nodes
(i, l(i)) can select only a single transmission channel and other
transmitter and receiver node pairs (j 6= i, l(j)) can select
different transmission channels than node pairs (i, l(i)).
Slow, flat-fading channels are assumed, so that the channel
matrices Hi,j are quasi-static. The received signal vector
rl(i) (n) ∈ C M corresponding to symbol n at node l(i) is given
by (cf. [1, Eq. (1)])
X
rl(i) (n) =Hl(i),i ĝi bi (n) +
Hl(i),m ĝm bm (n)I(m, l(i))
m6=i,l(i)

+ nl(i) (n),
(1)
where I(m, l(i)) is
as,

 1,
I(m, l(i)) =

0,

an interference function which is defined

if node pairs (m, l(m)) and
(i, l(i)) choose the same channel fk,i ∈ F
otherwise,
(2)
and the white Gaussian noise terms ni (n) ∈ C M have identical
covariance matrices I. The resulting received SINR at node
l(i) due to desired user i is (cf. [1, Eq. (2)])
H
Pi |wl(i)
Hl(i),i gi |2

Γl(i) = P
m6=i,l(i)

H H
2
Pm |wl(i)
l(i),m gm | I(m, l(i)) + 1

(3)

where ||wi || = ||gi || = 1. The contracted QoS constraint is
Γi ≥ γ0 for all i. Denote P = [P1 , P2 , · · · , PN ]T as the
transmission powers for the N radios. The goal is to maintain
contracted QoS under constant transmit power P = C.
SINR efficiency ζin is defined as the ratio of the attained
SINR (Γni ) to the SNR (γisu ) at node i for iteration n.
In the absence of multiuser interference, the SNR γisu attained for single user (su) at node i is found as γisu =
Pisu λmax (HH
l(i),i Hl(i),i ), where λmax (A) is the maximum
eigenvalue of matrix A [1] and Pisu is set to a constant value.
The SINR efficiency ζin ∈ [0, 1] at iteration n for node i is
defined by
ζin =

Γni
Γni
=
.
γisu
Pisu λmax (HH
l(i),i Hl(i),i )

(4)
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III. S PATIAL B EAMFORMING AND C HANNEL A LLOCATION
S TRUCTURE
Antenna diversity combining can be properly designed as a
means to minimize the total power [1], [11] or to increase
the capacity of wireless communication networks [10]. An
antenna beam pattern that adjust the antenna gains to form
nulls towards the direction of the interferers while keeping a
constant gain towards the directions of the multipath of the
intended receiver can be designed using receive antenna arrays. The minimum variance distortionless response (MVDR)
beamformer [1] [12] can adjust the array weights properly
such that the sum of interference and noise is minimized as
shown in Figure 2.

5’th multipath

2’nd multipath

and transmit spatial beamforming gi such that the overall sum
of the norm of the interference vectors at these node pairs is
minimized.
IV. IMMSE SPATIAL BEAMFORMING WITH NO CHANNEL
ALLOCATION (IB NCA) AND GREEDY SPATIAL
BEAMFORMING WITH NO CHANNEL ALLOCATION
(GB NCA) ALGORITHMS

The optimization problem is defined as,
Minimize

Node i

N
X

||ĝi ||2 = C 0 ∀i

(8)

i=1

where C 0 is some constant.
The corresponding Lagrangian is obtained by substituting
the MVDR beamformer (5) into the SNR (3) and imposing
the constraints, yielding (cf. [1, Eq. (6)])
L(g) = −

Node l (i)

− Γl(i) subject to

N
X

−1
ĝiH HH
l(i),i Rl(i) Hl(i),i ĝi +

N
X

¡
¢
λi ||ĝi ||2 − C 0

i=1

i=1

(9)
Theorem : Stationary points of the Lagrangian (9) are given
by the following eigenvectors:

și,l(i),2
1’st multipath

și,l(i),1

H
−1
gi = T−1
Hl(i),i gi
i Hl(i),i Rl(i) (ĝ−i )

și,l(i),3

(10)

If we multiply both sides of (10) by giH Ti , we obtain,

3’rd multipath

gi = arg max

4’th multipath

g

Fig. 2.
Multipath propagation environment showing five paths between
transmit and receive antennas with θi,j,k representing the received angle of
the multipath corresponding to transmission from node i to node l(i) with
multipath k.

−1
n
g H HH
l(i),i Rl(i) (ĝ−i )Hl(i),i g

g H Ti g

(11)

where the pseudocovariance matrix Ti is given by

−1
X
0
0
H

Ti = 
HH
l(k),i Pk wl(k) (wl(k) ) Hl(k),i + λi I
k6=i,l(i)

(12)
The unnormalized MVDR receive beamformer at node l(i)
is defined by [1]
w0 l(i) = Rl(i) (ĝ−i )−1 Hl(i),i gi

(5)

The interferer plus noise covariance at node l(i) is defined
as (cf. [1, Eq. (4)])
X
H H
Rl(i) (ĝ−i , fk,i ) =
Hl(i),m ĝm ĝm
Hl(i),m I(m, l(i)) + I
m6=i,l(i)

∀i = 1, 2, · · · , N
(6)
where fk,i ∈ F, ĝ−i = (ĝl : l 6= i, l(i)) denotes all beamformers ĝl for l 6= i, l(i). Note that the interferer plus noise
covariance matrix at node l(i) is defined similar to [1, Eq. (4)]
except that we have embedded the channel frequency selection
capability to node l(i). We select the frequency for node pairs
(i, l(i)) such that,
∗
fk,i
= arg min (||Rl(i) (ĝ−i , fk,i )||2F +
fk,i ∈F

||Ri (ĝ−l(i) , fk,i )||2F )

and Pk = ||ĝk ||2 = C. Then, the constrained QoS at node i
is satisfied with equality and becomes

(7)

where kXk2F denotes the Frobenius norm of X. Note that, every
node pair (i, l(i)) can select their joint channel frequency fk,i

−1
n
γi = Pi giH HH
l(i),i Rl(i) (ĝ−i )Hl(i),i gi

(13)

Proof : See Appendix.
We call the iterative algorithm that solves jointly the equation (11) and (13) as IB NCA which minimizes a measure of
interference to other nodes. It is similar to IMMSE distributed
beamforming algorithm of [1] but, the algorithm in [1] tries
to minimize the total transmit power under a QoS constraint.
On the other hand, consider the GB NCA which does not
consider the interference that a node will cause to other nodes.
The algorithm tries to find joint solution of the following
equations,
−1
n
gin+1 = arg max giH HH
l(i),i Rl(i) (ĝ−i )Hl(i),i gi

γi =

gi
H H
n
Pi gi Hl(i),i R−1
l(i) (ĝ−i )Hl(i),i gi

(14)

where Pi = C for all i. In other words, for both algorithms
IB NCA and GB NCA, we consider constant transmission
power Pi for all i and contracted QoS such that the attained
SINR γi , will depend on the the multiuser interference between two communicating node pairs (i, l(i)).
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Note that in (11), the optimum transmit/receive beamformer
is calculated without presenting the channel selection capability to the node pairs. In the following section, we modify the
above algorithm and present a new JIBCA algorithm which
iteratively selects the channel frequency and transmit/receive
spatial beamforming.

1000
900
800
Node Pair 1

700
600

Node Pair 3
500

V. J OINT I TERATIVE B EAMFORMING AND C HANNEL
A LLOCATION (JIBCA) ALGORITHM
We want to add the channel allocation capability to every
node to the above IB NCA under constant transmit power.
n
For this reason, in (11), instead of R−1
l(i) (g−i ), we substitute
n
n
R−1
l(i) (g−i , fk,i ) of (6).
JIBCA combines the channel allocation and beamforming
algorithm of IB NCA. In Table I, we consider the iteration
of the algorithm for every n, where the current transmit
beamformers are gi (n). For every node, the channel frequency
fk,i (n) is updated for node pairs (i, l(i)). At the same time, every node updates its unit-norm MMSE/MVDR receive beamn
former wi (n), with all other transmit beamformers ĝ−i
(n)
held fixed [1]. Node i then sets its trial transmit beamformer
to gi (n) = wi∗ (n) for subsequent transmission to l(i). Node
l(i) computes its receive beamformer wl(i) (n) using training
∗
sequences from i and sets gl(i) (n) = wl(i)
(n).
After the transmit/receive beamformers and channel
frequencies are updated, the SINR γin is calculated
using the link SNR estimate Γl(i) (ĝi , ĝ−i , fk,i )
=
−1
ĝiH HH
R
(ĝ
,
f
)
H
ĝ
at
node
l(i)
under
−i
k,i
i
l(i),i
l(i),i l(i)
constant transmit power Pi at the end of iteration i.
In our scenario, the pair nodes are the players of the
game. The joint channel allocation and beamforming game
will constitute the actions for the players in the game. The
utility function of the JIBCA algorithm can be given by the
following (cf. [1, Eq. (19)]),
¡
¢
n+1
n
n
gin+1 , fk,i
= arg max ui gi , ĝ−i
, fk,i
gi ,fk,i
¡
¢
¡
¢
−1
n
n
ui gi , ĝ−i , fk,i = η γi − Pi giH HH
l(i),i Rl(i) Hl(i),i gi
(15)
³
´
−1
+ ln giH HH
l(i),i Rl(i) Hl(i),i gi
¢
¡
n
)gi
− ln giH R∗i (g−i , fk,−i
−1
n
n
where R−1
l(i) = Rl(i) (g−i , fk,i ) is defined in Eq. (6) and η(x)
is any continuous concave function with a global maximum at
zero [1].
In [1] and [9], it was shown that greedy interference
avoidance using beamforming [1] and waveform adaptation [9]
techniques does not always lead to convergence [9] or better social behavior (e.g. lower overall sum power) [1]. In
simulation results, we verify the effectiveness of JIBCA algorithm which will yield better SINR improvement over all
communicating links in the networks compared to IB NCA
and GB NCA algorithms with constant powers Pi and with
constant total channel bandwidth. Simulations show that joint
iterative channel selection and beamforming game converges
to steady-state points i.e. Nash Equilibrium (NE).

Node Pair 4
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Node Pair 2
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200
100
0

0

100

200

300

400
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800

900

1000

Fig. 3. Considered scenario and node positions which are distributed in a
1000x1000 square meter area.

VI. S IMULATION R ESULTS
In the simulations, we assume without loss of generality
(w.l.o.g) every node i can select between K=2 orthogonal
frequencies fk,i ∈ F, k = 1, 2, i = 1, ..., N (which is
available to the entire system in the network) depending on
the norm of the interference plus noise covariance of (6) at
node l(i). Simulations were carried out with average SINR
efficiency (which is the average of the node SINRs defined
in (4) over all nodes i = 1, ..., N ) and node frequency
selection as outputs. A rank-3 channel is assumed in which
there are 3 paths with one direct and two multipaths with
3 dB below that of the direct path. The angular spreads of
the multipath are ±π/4 with respect to direct path, and the
pathloss exponent is 2 [1]. Fig. 3 shows the node configuration
with N = 8 nodes and each node has M = 8 antenna
elements which has a uniform linear array (ULA) model
similar to [1]. JIBCA in Table I, GB NCA and IB NCA
uses the true channels and covariances to compute gi (n) and
fk,i (n). The channel allocation and beamform patterns are
obtained after 200 iterations.
Fig. 4 and Fig. 5 depict the evolution of SINR efficiency
for each node in JIBCA and IB NCA algorithms respectively.
After about 15 iterations, the JIBCA and IB NCA algorithms
converges to a NE. All the node pairs of JIBCA has efficiency
greater than 0.7,whereas some of the node pairs in IB NCA
has efficiency even below 0.2, which shows that the efficiency
of JIBCA for all nodes is always better than the IB NCA
algorithm.
Fig. 6 shows the average SINR efficiency comparisons of
JIBCA, Joint iterative beamforming with random channel allocation (JIBRCA), IB NCA and GB NCA. JIBRCA algorithm
performs joint iterative beamforming with random channel
allocation at each iteration, hence the algorithm does not
converge to a Nash equilibrium point. As can be seen from
the figure, the proposed JIBCA algorithm has an average
SINR efficiency of 90 % which outperforms the other three
algorithms. The comparisons between the JIBCA and JIBRCA
algorithms shows that using an iterative channel allocation
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TABLE I
J OINT I TERATIVE B EAMFORMING [1] AND CHANNEL ALLOCATION (JIBCA) A LGORITHM

Initialize fk,i (1) for all node pairs and (wi (1), gi (1)) for all nodes randomly
Set Pi = C
For n=1,2,...,ITER
For i=1,2,...,N
∗
Select fk,2i−1
(n) ∈ F according to Eq. (7)
Update normalized MVDR beamformer at i
n
∗
w0 i (n) = Ri (ĝ−i
, fk,2i−1
(n))−1 Hi,l(i) gl(i) (n)
0
0
wi (n) ← wi (n)/||wi (n)||
gi (n) ← wi∗ (n)
Update node l(i) beamformer.
n
∗
, fk,2i−1
(n))−1 Hl(i),i gi (n)
w0 l(i) (n) = Rl(i) (ĝ−i
0
wl(i) (n) ← w0 l(i) (n)/||wl(i)
(n)||
∗
gl(i) (n) ← wl(i) (n)
−1
Obtain Γl(i) (ĝi (n), ĝ−i (n)) = Pi gi (n)H HH
l(i),i Rl(i) Hl(i),i gi (n) at node l(i)
Next i
Next n
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Fig. 4. SINR efficiencies of all the nodes for the JIBCA algorithm in the
considered scenario.
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Fig. 5. SINR efficiencies of all the nodes for the IB NCA algorithm in the
considered scenario.

Fig. 6. Average SINR efficiencies of JIBCA, JIBRCA, IB–NCA and GB–
NCA algorithms.

rather than randomly allocating the channels to each node pairs
will significantly improve the system performance.
Fig. 7 depicts the evolution of channel allocations (or
frequency selections) of all four node pairs in the network for
the considered rank-3 channel. Fig. 7 shows that, all node pairs
converge to stable frequencies which are the corresponding NE
points of all node pairs after small amount of iterations.
In simulations so far, we assumed that the algorithms use the
true channels and covariances to compute Rl(i) (ĝ−i , fi ) since
the slow fading, low mobility conditions are assumed. This
may not be true in real situations in fast fading environments.
In Fig. 8, we replace the true channel matrices by Hi,l(i) ←
Hi,l(i) + wi,l(i) , i.e. each entry of channel matrix is disturbed
by AWGN vector wi,j ∼ CN (0, σ 2 I) where σ 2 = 0.1 is used
in the simulations. Fig. 8 shows that the JIBCA algorithm
yields higher total SINR efficiency ζ even in the presence of
channel estimation errors between all the transmitting and receiving node pairs (i, l(i)). By assigning different frequencies
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T OTAL SINR

EFFICIENCY COMPARISONS OF

Channel allocation frequencies of node pairs

JIBCA
IB NCA
GB NCA

TABLE II
JIBCA, IB NCA AND GB NCA ALGORITHMS AT THE INITIAL AND FINAL ITERATIONS

Total SINR efficiency (Iteration 1)
6.5633
4.5931
5.4000

2.5

works under constant power transmission. It was shown that
having joint orthogonal channel selection capability and spatial
beamforming in the presence of interference can significantly
improve the overall system performance of the communicating
nodes. Extensive simulation results showed that JIBCA yielded
better average SINR efficiency and improvements compared
with IB NCA and GB NCA algorithms both in known and
partially unknown interference covariance matrix.
Practical implementations of the iterative channel allocation
and beamforming adaptation scheme could involve considerable feedback and could increase the overhead in the network.
Therefore, as a future work the performance of the system can
be investigated for reduced feedback schemes.
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Total SINR efficiency (Iteration 200)
7.2368
5.0048
4.6575
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A PPENDIX

Fig. 7. Channel allocation of all node pairs for JIBCA algorithm. All channel
frequencies of nodes converge to a fixed Nash equilibrium point.
0.7
0.65

IB−−NCA ζ
GB−−NCA ζ
JIBCA ζ

0.6

m

N
X

Average ζ

0.55

−1
ĝkH HH
l(k),k Rl(k)

k6=i,l(i)

0.5

∂Rl(k) −1
R Hl(k),k ĝk +
∂(ĝi )m l(k)

(16)

2λi (ĝi )m = 0

0.45

−1
−1
where ∂R−1
l(k) /∂(ĝi )m = −Rl(k) ∂Rl(k) /∂(ĝi )m Rl(k) is used.
Now, substitute

0.4
0.35
0.3
0.25

P ROOF OF T HEOREM
The stationary points ∂L(ĝ)/∂ĝi = 0 of the Lagrangian (9)
are found by direct differentiation with respect to the scalar
components (gi )m , m = 1, ...., M :
³
´
−1
+
− 2 HH
l(i),i Rl(i) Hl(i),i ĝi

0
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80

100

120

140

160

180

200

Iteration

Fig. 8.
Average SINR efficiency comparisons of JIBCA, IB NCA and
GB NCA in the presence of channel estimation and covariance errors.

to node pairs, we reduce the effect of imperfect knowledge of
interference covariance vector Rl(i) (ĝ−i , fi ).
Table II shows the attained total SINR efficiency comparisons of the JIBCA algorithm before convergence at iteration 1
and after convergence at iteration 200 with that of the IB NCA
and GB NCA algorithms at each nodes. This table confirms
that JIBCA algorithm has better total SINR efficiency than
IB NCA and GB NCA algorithms.
VII. C ONCLUSION
In this paper, a new iterative joint beamforming and channel
allocation (JIBCA) algorithm was considered for ad hoc net-

∂ĝiH HH
¡
¢
1 ∂Rl(k)
l(k),i
= Hl(k),i ĝi
= Hl(k),i ĝi Hl(k),i m
2 ∂(ĝi )m
∂(ĝi )m
(17)
into (16), where Rl(k) is defined in Eq. (6) and (HH
)
l(k),i m is
the m’th row of the matrix. Then,
−1
λi ĝi − HH
l(i),i Rl(i) Hl(i),i ĝi +
X
−1
H H
Hl(k),i R−1
l(k) Hl(k),k ĝk ĝk Hl(k),k Rl(k) Hl(k),i ĝi = 0
k6=i,l(i)

(18)
Substituting the unnormalized MVDR beamformer defini0
tion wl(i)
= R−1
l(i) Hl(i),i gi into (18) yields

gi = 

X

−1
0
0
H

HH
l(k),i Pk wl(k) (wl(k) ) Hl(k),i + λi I

k6=i,l(i)
−1
HH
l(i),i Rl(i) Hl(i),i gi ,

(19)
which is (10) with Ti defined in (12).
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