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Abstract—A combination of MIMO and network coding for one  used at the intersection nodes to prevent co-channel interference.
dimensional (1D) topology in wireless mesh network has been |n this paper, the authors extend the technique used in [4] to
proposed in recent literature. The technique supplies higher network a single frequency two dimensional (2D) MIMO mesh network

capacity compared to that of conventional schemes. In this paper, ith f t . d h d Using th "
the authors extend MIMO network coding to two dimensional (2D) WIth Tour anténna equippeéd mesh nodes. Using theé properties

topology. Owing to the dficient sharing of frequency of network ©Of MIMO, the authors proposed anffieient way of network
coding and co-channel interference cancellation ability of MIMO, the coding at the intersection node such that only a single frequency
proposed technique provides a significant gain to end-to-end network channel is required. Consequently, the network capacity can be
capacity. Furthermore, in a 2D mesh network where interferences significantly increased given that the total bandwidth of the

from long distance nodes cannot be ignored, the authors proposed twork i tricted. Numerical vsis in thi hows an
cooperative nulling algorithm by which interference signals can be NEWOrK IS restricted. Numerical analysis In this paper shows

suppressed. Simulation results show the good performance of the 8-fold in capacity achieving compared to traditional Single Input
proposed methods. Single Output (SISO) multichannel method.

In the above proposed technique, the authors assume that
receivers in the mesh network do not receive any interference
Wireless mesh network (WMN) consisting of mesh routers amcept for its desired signals sent from adjacent nodes to show
mesh clients has been achieving much more attention in rectd dficiency of the proposed network coding algorithm. In this
years as there are more demands for WMN applications, nampper, the authors also deal with the case when interference
wireless sensor networks, public wireless access networks, pleainot be ignored. Using array antenna processing techniques,
control systems, etc. [1]. The advantages of WMN are its abilitie authors propose a cooperative nulling algorithm to suppress
to form a flexible network topology, robustness and wide ar¢lae undesired interference signals in the network. Simulation
coverage owing to multi-hop relay property. In the mesh networksults show thefciency of the proposed algorithm in improving
which is used as a backbone network, nodes in the network aegpacity performance when interference cannot be ignored. Con-
almost fixed, well power supplied and can be equipped witlider a 2D network with total bandwidth 5MHz and an wireless
multiple antennas as shown in Fig. 1. environment with pathloss exponent3the proposed algorithm
With increasing in applications of WMN, and in the numbecan provide a network capacity of 54Mbpsgflow, or a total
of mesh clients joining WMN, there is a requirement for @&apacity of 58 Mbps (four flows of information).
mesh network which can support highffra and small packet The rest of this paper is organized as follows. Section 2
delay. It means that there is demand for a network with higheefines the network topology and raises the problem. Section 3
efficiency in usage of frequency and time compared to traditiongdesents the proposed network coding algorithm. Section 4 deals
ones, e.g. Carrier Sense Multiple Access (CSMA), Time Diviwith cooperative nulling when interference cannot be ignored.
sion Multiple Access (TDMA) or Multi-channel mesh network Section 5 explains the calculation method of end-to-end capacity.
In [4], for a single channel one dimensional (1D) mesh networkjumerical results and discussion are in Section 6. Finally, Section
the authors propose a method which combines Multiple-Input-concludes the paper. Table | summarizes mathematical notations
Multiple-Output (MIMO) technique [2], [3] and network codingused in this paper.
[5], [6] for multi-hop network. The advantage of this method is
that MIMO is used as a multiple access method which reduces
time required for transmissions of signals between mesh node®ne of the most general topologies of a mesh network is
and network coding supports two flows of information (twgiven in Fig. 2. Adjacent nodes are connectted to each other by
directions) to be simultaneously transported per transmissiovireless link and communication between mesh nodes can be
In this way, the proposed method achieves superior capagigrformed through multi-hop. The bold line connecting nodes in
performance compared to conventional schemes. the figure represents the virtual routes which are configured by the
The problem of the single channel 1D MIMO mesh networketwork layer at each node. Due to the broadcast characteristic
algorithm when it is applied in 2D mesh network is that wheaof wireless channel, assignment of resource (frequency, time,
there are crossing routes in the network, each route has todbe) is performed at the Media Access Control (MAC) layer of
assigned with dferent frequencies or a time sharing algorithm isach mesh node to avoid co-channel interference and to maintain

|. INTRODUCTION

Il. PROBLEM DEFINITION
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TABLE | - - = 9 Interference \ forward signal to backward signal
M ATHEMATICAL NOTATIONS.
X Scalar variable Fig. 3. 1D MIMO network coding.
X Vector variable
X Matrix variable
HT $°”JU93“9 OffveCttOF a”‘é maft”X direction. At a time slot, for any two nodes adjacent to each
o ranspose of vector and matrix . . . .
[o]" Hermitian transpose of vector and matrix other, one node is the transmlttgr (Tx) and the other is the receiver
E[e] Sample avarage of a random process (Rx). The Tx node uses one of its antennas to broadcast transmit
ntil)" (X) | Orthonormal basis of the null space Xf signal to its two adjacent Rx nodes. Each Rx node listens to the
x ith column ofX two different signals sent from its two adjacent Tx nodes and
x0) ith component ok

uses MIMO multiple access algorithm to detect these signals.
A network coding and network decoding are performed to the

signals at the Tx node before transmission and at the Rx node
continuos transportation of information. The authors define tlaéter receiving respectively to ensure the forward and backward
network spectral ficiency codicient 8 is as the reciprocal of information is sent simultaneously at every time slot. In the next

the total number of frequencies used in the network at the satime slot, nodes switch their functions. Tx nodes become Rx node
time. For resource sharing algorithm in e.g. Fig. 2}k % as and vice versa. This cycle is repeated every two time slots.

two channels are used for the horizontal line and the other twoTransmit signals_; and s, at nodei —1 andi +1 in time slot

are used for the vertical line. However, the resource assignmaris coded using network coding as follows,

and sharing approach might reduce spectiéiciency of the _ _ ne ne

network on the overall. In [4], the authors proposed #itient S = pSa+gSa Mmodg (1)

way to use the same frequency resource to perform bi-directional S+1 = ES«1+gSa modg, 2

communication in a 1D mesh network (a line of mesh nOde%heregs_l and ES+1 represent the forward information at node
Applying this approach in a 2D mesh network, the network 1 and node+1 respectively. Similarlyjs_; andls.1 represent
spectral €iciency codficient can be mostly reduced = 3 if  the backward information at node- 1 and nodei + 1, andq

any adjacent parallel 1D mesh lines are seperated larger tharjafotes the lattice size used in network coding to restrict the

interference range (Fig. 2(b)). In this paper, the authors woul@nsmit power. This results in a shaping lossoof 1.
like to increase the network spectraffieiency codicient to The receive signay; at nodei is given by

B = 1 which means that only a single frequency is used in the

network. In this way, the spectraffigiency of the network can yi = DiicaS-a+ hijaSe 0 3)
be maximized. = HIT +ny 4)

This problem can be degenerated into solving the frequency H = [hiji_g hijsa] (5)
sharing problem in a simple network topology of two crossing Sieﬂ =[5 5.]", (6)

lines as shown in Fig. 2(c), especially at the intersection node. The
authors solves the simplified problem by using MIMO algorithmayhere hi;y € C™ and hi;,; € C™ represent the channel vectors
network coding and array antenna processing techniques as shti@ nodei — 1 and node + 1 to nodei respectively,n € C" is

in later sections. an additive white Gaussian noise vector with zero meanceid
covariance matrix.
Ill. 2D MIMO NETWORK CODING Owing to the multiple antennas at the Rx, Eq. (4) is a system
A. Review of 1D MIMO network coding of linear equations with the number of equations larger or equal

. . . ) to the number of variables. Using linear decoding algoritq‘i’ﬁ,
Details about 1D MIMO network coding are given in [4]..44 pe estimated as

Here, the authors summarize the algorithm in Fig. 3. Consider

an array of mesh nodes evenly located on a single line. Each & =[§-1 §.a]" =Wy, (7
node is equipped witm antennasrf > 2). Assume that there " J— o Ve o

are two flows of information: the forward flow which transportvhere W™ = (Hi H& +o ') H for a Minimum Mean
information from the leftmost node to the rightmost node ariquare Error (MMSE) decoder ancf denotes the variance of
the backward flow which transports information in the reverseise at node.
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Fig. 2. An example of communication and resource assignment in mesh network.

Using the fact that nodeknows the forward informatiofis., 1 The MIMO network coding scheme performed at nodes on
of nodei + 1 and the backward informatidfis_; of nodei — 1 each line of the network topology follows exactly what explained
and the property of network coding, the two unknown signals o the previous part of 1D MIMO network coding except for at

nodei: !s_; andjs,1 can be estimated as, the intersection node {Cand its adjacent nodes.id and V.;.
1 A na R . Here, we focus on the algorithm for these nodes.
F S=¢S1 = §1-S1 modg (8) Through the rest of the paper, the following symbolic rep-
= §4-p5's modg (9) resentation is used:sy and gsy represent the forward and
B+1S A 8. = §.-0s. modg (10) backward information of node jHon the horizontal line re-

- spectively. Similarly, sy, and jsy, represent the downward
= §a-f's modgq (1) and upward information of node ;Von the vertical line. Also,

In conclusion, at any time slot, Rx node receives two flows @fc,, pSco: pSc, and [jsc, correspondingly denote the forward,
information: the forward information sent from its left node anfackward, downward and upward information at nogeT@e left

the backward information sent from its right node. In the 1  superscripn represents the time index. Due to the characteristic
time slot, nodeé becomes Tx node and transrsit= "' +5"*s  of flow, the following equations holdi, j and G 2 (Ho, Vo).

mod g. This cycle is repeated to maintain a bidirectional 1D mesh

network. P = F s (12)
n _ n-1
B. 2D MIMO network coding BSH = B S (13)
. - . ng, = Mg, (24)
Consider a network topology of two crossing lines with node D=V D ) i+l
Co at the intersection and nodes Hl € {-K,...,-1,1,...,K}), SV, = U Svi. (15)
Vi, j € {-K,...,=1,1,...,K} on the horizontal and vertical

lines respectively as shown in Fig. 4. These nodes are even| At time slotn, H., and V., are Tx nodes and their transmit

located with distancal and are assumed to be equipped withi nalssu,,, sv., given by,

m = 4 antennas. There are four flows of information in the St = Psq, +0sq, modg (16)
network: theforward flow from H_x to Hk, the backwardflow o P BT
from Hy to H_g, the downwardflow from Vi to V_g and the Sva = pSvatySv, modg (7

upwardflow from V_i to V. In this paper, the authors proposerpese transmit signals are transmitted by using one of four

a communication scheme which allows these four flows to Be:cnnas of the Tx node. The receive signg) at node G is
transported through the network simultaneously using only Singﬂﬁ/en by.

frequency.

As in the case of 1D MIMO network coding, at a time slot, for yo, = Z ey ., S, + Z heov,Sv, + N, (18)
any pair of adjacent nodes, one is Tx node and the other is Rx _ et 19
node. Here, the adjacent node is defined as nodes in the range of T Cosgﬁ; *+ e (19)
distanced. In the next time slot, Rx node becomes Tx node and HE = [hen, heor, ooy, Mool (20)
vice versa. Particularly, for the topology shown in Fig. 4, assume s‘éfg =[S, Si, Sv., S/l]T, (21)

that at time slon, Cy, Hoxkz0ez) @and Voxizoez) are Rx node and

the others are Tx node and in the next time sletl, Hy.1xezy Wherehg n,, € C andhg,v,, € C™ represent the channel vectors
and Vo 1z0ez) Will become Rx node and the others become Tiom node Hi and node V; to node G respectively,nc, € C™
node (Fig. 5). is an additive white Gaussian noise vector at noge C



As node G has four antennas, four unknown signals can be ’?‘
estimated by using linear decoding algorithm as follows, :' \Y
1
~ ~ ~ ~ ~ 1
S%ffo = [SH-1 SHy Sv, S\/1]T = WrTyCo’ (22) : i
1 1 Forward
. ) -1 ) o o o o o o
whereW"™ = HgHg‘)H +0?l) HE for a MMSE decoder. el =17 3@
Using the fact that node Cknows the forward information @R & i ._ :._,o
of node H, backward information of node H, downward Backward r :
information of node V; and upward information of node .y H :Downwd
and the property of network coding, the four unknown signals to @ !
node G: £SH.,, gSH,» pSv;, and(jsy_, can be estimated as, “‘ E
&
s, 218, = Su,-gSe, modg (23)
= &, - g—lsco mod g (24) Fig. 4. A 2D mesh topology wittK = 3.
Ana N
Ié,-"lSCo = gsHl = Sy, - rllsHl mod q (25) @L; (Slrcamnfsignalin hor)imntallinc @
~ o Forward + Backward 1
. = Su-f's, modq (26) EE LS T =
s, =pd; = 8, -{s, modg (27) = ;@
= S, -U's, modg (28) FmETarr el e B et el e R e i
n+1 Ana a n 1 o4
U Sc, = Us\/—l = Sv, _Ds\/—l mOdq (29) &ZFB @
A n-1 1
Sv; — D SCo mod g. (30) @; é})
At this point, node @ receives four flows of information sent E a0
from surrounding nodes: the forward information from nodg,H (a) At time slot (b) At time slot r+1
backward information from nodeHdownward information from
node V; and upward information from node_Y. Fig. 5. Transmission with a 2D MIMO network coding.

In the n+ 1™ time slot, node @ becomes Tx node. The node
is required to perform network coding on signals received in the )
previous time slot such that the surrounding Rx nodes (whi€Rannel vector betweern node., and nodeQ.; and nq., is
are now node k and Vi), can perform network decoding onth€ noise vector at nod@,;. o
the receive signal. As nodes on the horizontal line do not have!n EQ: (35), the transmit signals can be decoded using linear
any information about signals on the vertical line (except for tHiec0ding method as the number of linear equations is larger than
intersection node) and vice versa, the network coding at ngde € number of variables,
should perform on the forward and backward information, and égﬂ _ [:%0 §QQ]T _ WrTyQ ’ (38)
on the downward and upward information independantly. Owing = ) “
to the multiple antennas at node,Ghis approach can be done, are\w = Hnggt H, Uz|)_1 Hgl for a MMSE decoder.

and the transmit signal of node, & given by 41)_ )
From S and s,_,, node H; can decode the desired forward

nilg 4 ”+1Sc0 modq and backward information. Similarly, froﬁ&*andsi,tz, node V.1
1. B, ) (31) can decode the desired downward and upward information. The
DS, +)Sc, modq ; ; : .
decoding algorithm which uses the property of network coding

It means that node {uses two out of its four antennas to transmiénd properties shown in Eq. (12) - Eq. (15) is similar to what was
two different signals: the horizontal line network coding signaxplained in the previous part of this paper. (Eq. 9-11, Eq. 24-30)
and the vertical line network coding signal simultaneously.

At the same time, node H and V., are Tx nodes and their

transmit signals which have been network coded are given by, Due to the broadcast characteristic of the wireless channel,
a receiver does not only receive its desired signal but also

S, = S, +gSH, modg (32) interference signals from surrounding Tx nodes. The farther
SV, = DBSv., +USv, modg. (33) the interference source, the better the Signal-to-Interference-and-
. . . Noise Ratio (SINR). In [4], the architecture of 1D MIMO network
The receive signal at node.idand V., are then given by, ing system has the interference distancecbfv@ered is the

%02

IV. |INTERFERENCE AWARE COOPERATIVE BEAMFORMING

Yo, = Ho.cSc +hao,S., + N, (34) distance between two adjacent npdes. In the pr.oposed architecture
_ et sgﬁ n (35) of 2D MIMO network coding, the interference distance decreases.
o Q1 T T Thus, further algorithms should be employed to maximally exploit
Ho, = [Hauc haso.l (36) the performance of 2D MIMO network coding. Owing to the

T T 37 multiple antennas equipped, this problem can be partially solved
SE CSEN @ M . .
with array antenna processing algorithm..
where Q stands for H and V,Hgq,, c, represents the channel In Fig. 6, desired signal and interference signal are categorized.
matrix between node and nodeQ.1; hg,, ., denotes the Ata receiver, only signals sent from adjacent Tx nodes are desired



Hol| Ho | Co [ Vs |V the range ofV5d) arriving at node H is five. Node H; which
is equipped with only four antennas cannot totally eliminate
H_3 5d § 3d N13d|Vi3de 7" | Desired signal the intererence while receive its desired signals. To solve this
i problem, the authors propose a cooperative nulling algorithm
Hoa . 'é/ Vod | V5d | Interference signal that node H; uses Rx MMSE nulling to partially eliminate
_ ' interference (strongest interference from node)VY and node
Hif sd vad ﬁd: Co-axis interference V, uses Tx nulling to null out its interference to nodeH
1, | 5 / sd Wi3a \/ﬁd: — Similar approach is applied at nodg.HNode H uses Rx MMSE
‘ [V . R Inter-axis interference nulling to partially eliminate interference (strongest interference
V_3 W/13d |v13d| 3d | ;, 5d I from node \4) and node V, uses Tx nulling to null out its
! Interference cancelled b interference to node H However, Tx nulling at node \ and
y . :
Vo1 4V5d | V5d /é:/// 3d proposed method Rx MMSE nulling at node H; will affect each other. Here, an
‘ Interference with/3d iterative solution to find the Tx weight and Rx weight can be
Vi 1V5d | Vbd § 3d d Vid distance found.
[ Assume that the Tx weight (for Tx nulling) at node_)
Va W13d|Vi3d| 3d } 5d |4 is w}, | € C™ where the superscript t denotes the Tx weight.

Interference signal from node .Y to node H; are partially

Fig. 6. Signal and interference category. cancelled using Rx MMSE weigtw}, , € C™(™ 1D at node H,

as follows,
Type A at time slot 7+1 @ W, * = (E AR @ p® 39
yp Hoa - ( [yH-lyH-l ]) [ H-1,Co " 'H-1,Co H-1,H-2] ’( )

wherey,, , denotes the receive signal vector at nodg Which
depends orw! L, The Rx MMSE weight in Eq. (39) is the

y ,( Wiener solution where [EJH_lyH_lH is the covariance matrix of
e S 5 I B o receive signal ancPhﬁbeo h o, i ] is the expectation of
@«@» «@ ! «@ »@ the desired signals at node H
NS e «.--77 Sequentially, the Tx weighiv{,2 e C™M at node \§ which is
1 \‘CA@ A' 1 chosen to null its interference to node Hs given by,
K A -3 Nulling at Rx
Q@ﬁ Lo ll'ngat . wl, = null (Wi, THu ). (40)
P uli X . . .
g Now, with the Tx weight at node ¥ the Rx weightWy, €
_ _ Inteference _ > C™2 at node H and the Tx weightw! _, €C™ at node \, can

be similarly derived as follows,

(Elymsn™]) " [, hEle, M ], @)
w, null (Wi, "Hi,v ). (42)

Fig. 7. Cooperative nulling for/5d interference at time slat + 1. WL *
1

signals and all the others are interference signals. In this paper,g{éqe it is easy to see that the weight calculation in Eq. (39)
!nterftlalr(znce from n.odgs 0;1 the samehaX|s. (verﬂcal_ or r]lonzontgtq_ (42) can be performed in an iterative manner as shown
IS called as co-axis interference, otherwise the inter erenceiHSAIgorithm 1, whereA denotes a certain threshold to stop the

called as inter-axis interference. Nodg Gelongs to both the iterative loop

axes. For co-axis interference, the mininum interference diStanC%imiIarIy for VBd interference cancellation at node,}V the

is 3d which is exac_tly the minimum mterference dlstancg _of 1 ame cooperative nulling process is applied at four nodas V
MIMO network coding. For inter-axis interference, the minimu d He,

interference distance reduces #%&d < 3d. This kind of interfer-
ence will severely degrade the performance of 2D MIMO netwo# Interference withv5d distance (H time slot)-Type B

coding and should be eliminated. This type of interference is plotted in Fig. 8. In this case, nodes
In this paper, the authors deal with thé&d interference at both sufered from thev5d interference are Vb and H.,. Consider
time nandn+1. Also, from this section, Tx node and Rx node arfode \b which receives two desired signals from node ahd
assumed to use all of their four antennas in the transmission\g and two interference signals from node;HNode Vb which
the following, Hg - € C™™ (m = 4) denotes the channel matrixis equipped with four antennas can cancel the two interference
between Tx nodg™ and Rx noder. signals itself. However, this way of interference cancellation
would decrease the diversity order of desired signals at node
V.. Here, the cooperative nulling algorithm can be applied at
Consider node H in Fig. 7. As explained in Section IlI-B, four nodes \, and H.; for interference cancellation at.Y
node H receives one stream of network coded data from nodad at four nodes H and V.; for interference cancellation at
H_,, two streams of network coded data from nodg(@Gne for H.p. Algorithm 2 summarizes the cooperative nulling process at
vertical line, one for horizontal line). Also, there are two strony .2, where V\t/_hl € C™ denote the Tx weight at node.H and
interference sources: node.)/ The total number of signals (in W{h2 e C™2 denote the Rx weight at node.Y respectively.

A. Interference withv5d distance (rn+ 1" time slot)-TypeA



Algorithm 1 Nulling interference at E; (time n+ 1) Algorithm 2 Nulling interference at W, (time n)

1: Initialisation 1: Initialisation
wy (43) w, 47)
A (44) A (48)
2: repeat 2: repeat
3 Cooperative nulling 3 Cooperative nulling
£ H]) [ p@ @ @ . H [CINGY
Wi, = (E[nylnyl ]) [hH 1o M 1co thl,Hfz] W, = (E[y\,zy\,z ]) [hvzw hvz,vs]
T T
w{,z = nuII(WLLl HH1V2) w}_h = ﬂU”(W{/2 HV2H1)
o @ 2 1) o @ @)
Wy = (E [yHlyHl ]) [hHl co Mirco M, Hz] Wy, = (E[y\,_zy\,_z ]) [hv MLV
w’{/fz = nu”(WLllTHHl,V_z) w}_Ll = ﬂU"(W{LZTHv_Z,H_l)
4: Interference power 4: Interference power
T 2 T 2
ouy = [WhLT D Heavawl |, @9) bv. = WO,T D Huamawly, | (49)
2 2
S = (Wi D Hivad (46) v, o= LT Y Hvael [, G0
5. until 6y, <A 5. until éy,, <A

Type B at time slot @ sources of transmit signals (STSs) in the network. If a Tx node

4 transmits two signals by using two antennas e.g. nogleitGs
1 considered as two STSs. STSransmits sighals by using its
-« » Tx weightw! € C™. At the receiverR which has Rx weightV',
@ the receive signal can be given by,
y = VaiHgzwis +n, (51)
@»@«@»@« e >
whereq; is the transmit power of signa, Hg 7 represents the
.L& @ channel matrix between STi&nd receiverR, n denotes the noise
\ vector at the receiveR. If the Tx node of the STS performs
/I\ Nulling at Rx @ .L Tx beamforming,wit is given in Sec. IV, otherwise it is the first
~—~—_Nulling at Tx column of the identity matriX . The only special case is node
Co. As explained above, when nodg 8 a Tx node, it can be seen
-- -Il-lt-e Eef ence | > @ as two STSs. The Tx weights of this two STSs are respectively
the first and second column of the identity mattjx
Fig. 8. Cooperative nulling for/5d interference at time slat. To detect a desired signs} (p € 1,..., N), Rx node multiplies

a linear weight vectonw’pT to the receive signal. This Wiener
solution of this weight is given as follows,

wy = (E[w"])” vasHzs, (52)

C. Discussion

In this paper, the cooperative nulling algorithm requires coop-
erative nodes to exchange information about the channel state H 2 X
and beamforming matrix. It can be done by transmission of - Za‘ herihrs +0%lm|  VapHrrw,.  (53)
preambles at Tx nodes. Numerical results reveal that solutions '
of the optimal weight converge very fast. Thus, the autho%onsequently,

the estimate sf (p € {1,..., N}) is given by,

recommend that the exchange of optimal weight and channe§ = p Ty (54)
matrix can be done in several initial time slots. Assuming an oT ; oT ‘ 'T
environment where the variation of the channels occur not so = V@Wp Hrrwpsp+ vaiwy Z Hzrwis +wp N
fast, after an optimal solution is found, nodes can employ an _ 7P
adaptive filtering algorithm for tracking of the optimal solutior- End-to-end capacity
at every time slot. The capacity of the signa, is given by,
-TO- T t (12
V. Enp-to-Enp CapaciTy EvaLuaTiON ap ||w'p Hgr,w sz

Ck =log,|1+ , (55)

The method for calculation of end-to-end capacity is given in
this section. Here, the authors generalize the system model in
Sec. lll and Sec. IV for the simplification of notation. Assum&hereanc = = = 2 is a factor which compensates for the shaping
that at a specific time slot, there are a et {71,...,7n} Of N loss of the network coding.
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If the Rx nodeR is on the horizontal line, there exigk and every links. The channel fading is assumed to be Rayleigh and
pe € {1,...,N} such thats,. ands,, are the two desired signalsthe environment is quasi-static such that the channel matrix does
which contain the desired forward and backward informatiamot change during a period of one time slot.
respectively. Therefore, the forward and backward capacity atTo compare with conventional methods, we conducted simula-

nodeR are given by, tion with multichannel SISO using 2 channels in each g&is (%,
2 Fig. 2(a), one antenna per node), link-by-linkk 4 multichannel
o, s | | | $C 1 F
c* = log [1+ @pe ||Wpe MRTp Wil ](56) MIMO using 2 channels in each axig (= 1, Fig. 2(a), four
Siepr i |[wh, T |_|R7_iwit||2 + 202“%;“2 antennas per node), one dimensional MIMO network coding with

single channel in each axig & % Fig. 2(b), four antenna per
node) and the propsed two dimensional MIMO network coding
(8 =1, Fig. 2(c), four antennas per node).

Numerical analysis is divided into two parts. In the first part,
Similarly, if the Rx nodeR is on the vertical line, there existit is assumed that there is no interference from Tx nodes with
po and py € {1,...,N} such thats,, and sp, are the two distances apart from the Rx larger thdn The main purpose
desired signals which contain the desired downward and upwafdthis part is to show thefectiveness of the network coding
information respectively. Therefore, the downward and upwagdgorithm in combination with MIMO in a 2D mesh network.
capacity at nodeR are given by, In the second part, the authors considered a more realistic

s [0, Hr 0

C‘IF;B log, [l + ](,57)

Sizpo 0oy, " Hra [y + 202

rTH ¢ o2 environment with pathloss exponeptand all the inteferences
c® - log, [1+ ¥po ”wpo R'Tpowpvnz ](58) were included to the receive signal. The second part is to show
R T t||2 2 i i i
Sisp i ”’”BD HR‘ﬂ’”in + 202”'”530”2 the benefit of the proposed cooperative nulling method.
o ap, ||wLUTHR,¢prtpU||§ A. Without interference from long distance nodes
Cg = log,[1+ - 2 2 5 |29)
Zi#pu @i ”wbu HRTiwin +20 ”w;Ju”Z

Therefore, the end-to-end capacity of the forward, backward, , | |—®=SISO (@ channcl)
downward and upward flows of information can be calculated byg & | ~27Linkbylink MIMO (4 channe)

. frus] =8— | D MIMO network coding (2 channel)
the fO||OWIng fOI’mU|aS, E 7L 2D MIMO network coding (proposal)
F — i Pr 2
CeZe - ge]gl{,l E [C(R ] (60) § 6
: 5
CB. = minE|CP® (61) 2 5
e2e ReQn R ] E
D _ i Po 62 & 4
Coe = MINE[CP] 62 =
Q
u ; Pu s 3
Cere = minE[CR], 63 =
& 2

whereQy, Qy are two set of nodes on the horizontal and vertical
lines respectively. Finally, the average end-to-end capacity pe

age e
-

flow can be defined as, 3 0 ‘ ‘ | | |
CF +CB 4+CD U < % 5 10 15 20 25 30
Ce2e=f ele ' Tele “el2e “eZe [bpsHz/flow] (64) Average SNR per receiver antenna per link [dB]
4 b
Whereﬁ. is the network spectralfgciency codicient explained iy 9 End-to-end capacity in the case interference from long distance nodes
in Section II. are not included.

B. Transmit power Figure 9 shows the average end-to-end capacity per flow

Normally, the transmit power is normalized such that each nodéth respect to average SNR per receive antenna per link of
transmits with unit powerq; = 1). The total transmit power of a conventional and proposed methods in a 2D mesh network. The
mesh network given in Fig. 4 iskd+ 1. However, in 2D MIMO performance of multichannel SISO is bad due to theficiency
network coding, as node¢Chas two STSs, the number of STS$n usage of time and frequency resources. Thifficiency can be
in the 2D MIMO mesh network is K + 2. Hence, for a fair improved by the introduction of MIMO into each link due to the
comparison with other algorithms, in 2D MIMO network codinggffect of spatial multiplexing. It can be seen from Fig. 9 that4
each STS is assumed to be transmitted with equal power  link-by-link MIMO goes beyond the four-fold increase in end-to-

K + 1 end capacity compared to that of SISO. Thefficegency in usage
= K2 i (65) of tlme and frequency can be |mproyed by introduction of network

coding. 1D MIMO network coding in 2D network has a better
V1. NumERIcAL ANALYSIS performance compared to link by link MIMO by 1 bpkz/flow.

Numerical simulations are conducted to validate the proposddwever, the scheme which has the best performance is the
two dimensional MIMO network coding. A path between anproposed 2D MIMO network coding scheme. The proposed
two adjacent nodes is called a link. In the simulation the averaglgorithm achieves an 8-fold gain in end-to-end capacity with
Signal-to-Noise Ratio (SNR) per receive antenna is the same fespect to conventional multichannel SISO. This significant gain

@i



is due to the spatiallyfBcient usage of frequency and time of thisapacity compared to that of conventional schemes. In this paper,
scheme as explained in previous sections. Consider a system with authors extend MIMO network coding to two dimensional
total bandwidth 5MHz at 30dB SNR, the equivalent capacity pé2D) topology. Owing to the fcient sharing of frequency of
flow of these schemes are: 6Mbps (multichannel SISO), 22Mbpstwork coding and co-channel interference cancellation ability
(multichannel MIMO), 26Mbps (1D MIMO network coding) andof MIMO, the proposed technique provides a significant gain to
41Mbps (2D network coding). end-to-end network capacity. Furthermore, in a 2D mesh network
where inter-axis interferences from long distance nodes cannot be
ignored, the authors proposed cooperative MIMO beamforming
In a realistic enVironment, it is hard to ignore the interferenc&gorithm to Suppress interference Signa's can be Suppressed_

signals. Consider an environment with atttenuatiorfiodenty = Simulation results show the good performance of the proposed
3.5, the distance dependant average Signal-to-Interference Rati®&hods.

(SIR) is given in Table Il and the end-to-end capacity is shown in
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Fig. 10. End-to-end capacity = 3.5) in the case interference from long distance
nodes are included.

Capacity performance after the application of proposed coop-
erative nulling algorithms is also shown in Fig. 10. At high SNR
area, the cooperative nulling algorithm can improve the capacity
performance by almost.® bpgHz/flow. In low SNR area, due
to the fact that the noise is dominant over the interference, the
introduction of cooperative nulling does not improve capacity
performance. Consider a system with total bandwidth 5MHz
at 30dB SNR, the equivalent capacity per flow of all schemes
in inteference environment are: 3Mbps (multichannel SISO),
11.5Mbps (multichannel MIMO), 13Mbps (1D network coding)
and 14.5Mbps (2D network coding with cooperative nulling).

VII. ConcLusION

The combination of MIMO and network coding for one dimen-
sional (1D) topology in wireless mesh network has been proposed
in recent literatures. The technique supplies higher network



