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Abstract— This paper proposes a distributed MAC scheme
for a large network of wireless routers with multiple antennas
and characterizes its throughput gain over its single antenna
counterpart in large network communications.
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I. INTRODUCTION

A large network of wireless routers is able to provide com-
munication services in a flexible and expedient fashion, thus
is especially suitable for ad hoc applications such as military
deployment, disaster relief, environment inspection, etc. The
throughput of such network depends on the design of medium
access control (MAC) schemes as well as the properties of an-
tennas and the conditions of wireless channels. This paper
builds upon an existing distributed MAC scheme, i.e. Oppor-
tunistic Synchronous Method (O-SAM) [1], and examines its
throughput in a large network of wireless routers equipped
with multiple antenna elements.

Multiple antenna elements (MAEs) have been recognized
and widely used as an effective physical layer technique to in-
crease the throughput of isolated point to point wireless link
[2]. In particular, [2] shows that when physical channel is
sufficiently scattered, link throughput increases linearly with
the number of MAEs (given the same number of MAEs em-
ployed at transmitter receiver) at asymptotically high Signal
to Noise Ratio (SNR). However when communicating in a
large scale network, co-channel interference instead of addi-
tive white Gaussian noise (AWGN) becomes the dominant
throughput limiting factor. How to wisely design the sig-
nalling and the MAC schemes so that the favorable through-
put enhancement features of MAEs can be achieved in the
network setting is yet to be thoroughly examined. In addi-
tion, under network co-channel interference, the throughput
gain of using MAEs need to be re-evaluated because asymp-
totically high SNR is no longer a realistic assumption due
to the presence of mutually interfering links in large scale
network.

This paper proposes a distributed MAC scheme for a large
network of wireless routers equipped with MAEs and demon-
strates its throughput advantages over its single antenna
counterpart in large network communications. In particu-
lar, hybrid norm-based antenna selection criterion applied in
the existing O-SAM scheme to control network interference.
This paper also analyze in close-form the throughput as well
as the outage probability of the proposed MAC scheme under
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subnets

Fig. 1. A large network on a square grid. (p,q,n) = (2,3,1).

network co-channel interference which, to our knowledge, has
not be explored in the existing literature.

The rest of the paper is organized as follows. Section IT
describes the network model and opportunistic SAM with
MAESs. Section III present the throughput and outage analy-
sis of the opportunistic SAM with MAEs. Section IV-C
demonstrates the throughput gain of MAEs over single an-
tenna with opportunistic SAM for a large network of wireless
routers located on a square grid. The final conclusion is pro-
vided in section V.

II. NETWORK MODEL

Consider a large network of wireless routers (referred to
as nodes) where time is slotted with equal duration. Dur-
ing each time slot, the entire network is virtually partitioned
into S + 1 disjoint subnets {Cj}fzo. Each subnet C; contains
a center (receiving) node, n; active neighboring (potentially
transmitting) nodes, and m; idle nodes. We assume that the
network topology is fixed. Fig. 1 shows an example of such
network distributed on a square grid where the black disks
denote the center nodes, the gray disks the active neighbors,
and the white disks the idle neighbors. For simplicity, adja-
cent nodes are separated by unit distance. In this example,
each subnet is identical with n; = 3 and m; = 2. The cen-
ter nodes are separated from each other with vertical spacing
p = 2 and horizontal spacing ¢ = 3. For different time slots,
the pattern of the subnets is the same except for a relative
relocation of the center nodes. With p = 2 and ¢ = 3, it
takes (at least) 6 time slots for each node on the network
to become a center node. During each time slot, the MAC
scheme, opportunistic SAM, is applied at each subnet, where
only one packet is possibly scheduled for transmission from
one of the active neighbors to their center node. The details
of the opportunistic SAM will be given later in section III.

Each node is assumed to be equipped with M antenna ele-
ments. The channel between arbitrary transmitting antenna
and receiving antenna is modeled as independently block fad-
ing with its coefficient assumed to experience a large scale
path-loss and a small scale Rayleigh fading. The received
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signal yo € C™ at the center node in the subnet Cy is an
M x 1 complex vector expressed as

S
yo = > Hozx;j+wo (1)

§=0

Here xo € CM is the signal-of-interest column vector trans-
mitted from one of the active neighbors in Cp, and x; for
j # 0 is transmitted from C; for j # 0 which is the interfer-
ence vector for yo. The complex noise vector wg is assumed
to be zero mean with covariance matrix E{wow{} = I,
where Iy; denotes M x M identity matrix. Ho; € CMXM g
the complex channel coefficient matrix between the transmit-
ting node in C; and the receiving node in Co. Each column
(Ho,j):,i is a zero mean independent complex Gaussian vec-
tor, i.e. E{(Ho;).i} =0, E{(Ho).i(Ho;)!, } = 0,Vi # k,
E{(Hoj):i(Hos)!;} = dg$Im where a is the path loss ex-
ponent and dp ; the distance between the transmitter in C;
and the receiver in Cy. In the rest of the paper, we assume
o = 4. We further assume that all (transmitting) nodes trans-
mit with the same power P, i.e. E{tr(Q;)} =P, Q; = xjx;.
We further assume that only local CSI (i.e. the channel ma-
trix Ho,o between a center node and each of its neighbors) is
available to the receiver and the local scheduler, but not the
transmitter. However the scheduler will periodically broad-
cast a short message indicating which node and antenna is
chosen to transmit during every time slot.

The throughput of a large network in bits-hops/s/Hz/node
is

1
c= mREPd(@ (2)

where R is the packet spectral efficiency in bits/s/Hz with
the (ideal) detection SINR threshold ¢ = 2% — 1, and
Py = Prob{SINR > ¢} is the packet delivery probability,
and n; +m; + 1 is the number of nodes in each subnet. (For
convenience of computing the throughput, we will assume
that n; and m; are independent of j unless specified other-
wise.)Different MAC schemes as well as physical layer signal
processing techniques will affect differently the distribution
SINR and hence the throughput c.

III. OpPORTUNISTIC SAM wIiTH MAES

[1] proposes opportunistic SAM to simultaneously exploit
multiuser diversity and interference suppression for network
communication with single antenna. In this section, we pro-
pose an MAE-based O-SAM scheme. In particular, we re-
strict our attention to a special signalling scheme of (1), where
covariance matrix elements (Q)r,; = Pd(k —4)d(j —4). This
scheme allocates all power to a single transmitting antenna.
A norm-based antenna selection method is used to decide
which antenna,if any, will be chosen to transmit.

Since RF front-end is usually more costly than dummy an-
tenna elements, we assume that each node only has L < M in-
dependent RF receiving branches. In the presence of network
co-channel interference, receiver uses match filtering along
with hybrid selection/maximal-ratio combining (H-S/MRC)
[3] to coherently combine the best L diversity branches in a
pool of M antenna elements. H-S/MRC is a cost-effective
physical layer technique to provide improved receiver perfor-
mance over L branch MRC by raking additional diversity

through antenna selection so that no additional electronics
and power consumption is required. For notational simplic-
ity, we define an operator W(h) that generates a L x 1 sub-
matrix of h such that among all the L x 1 sub-matrix of h
¥ (h) has the maximum norm. Iy(h) denotes the row indices
of U(h) in h. u(Iy(h)) denotes a submatrix of u indexed by
Iy (h). It is straightforward that U(h) = h(Ig(h)).

For convenience, we consider subnet Cyp. Opportunistic
SAM with MAEs can be captured by the following selection
criterion. In particular, let the chosen transmitting antenna
in Cy be denoted by a pair of index (ko, 9) where ko is the node
index and ¢ is the antenna index. Then, (ko,?) is determined

v Rmarsimas) i (Hoo(kmas))ine )| >
(ko) = {{qﬁ} otl‘lerwise | (93)

where (kmaz,imae) = argmaxy; {‘\D((Hoo(k)),)‘z} in
which 1 < k < mnand 1 <i < M. Here H;j(k) is used
to denote channel coefficient between the center node in C;
and the k" neighbor in C; when opportunistic SAM involves
more than one neighbor.

Given (3), the duty cycle p of each subnet can be found as
p= [ e l@)do ()
0

where Vmax = maxy,; {‘\I/((Hoo(k))l)f} for 1 <k <nand
1 < i < M denotes the probability density function (p.d.f.)
of Vmax. Any abortion of transmission in a subnet reduces
its interference to other subnets. Thus raising the threshold
0 in each subnet reduces the total network co-channel inter-
ference. We will show in section IV-C that co-channel inter-
ference becomes less critical an issue when diversity order is
sufficiently large in each subnet.

IV. THROUGHPUT ANALYSIS
Given the MAC scheme, received signal (1) can be written

s
ho,oxo + Z ho,jx; + wo (5)

j=1

Yo =

where ho; = (Hoj):1;, L € {1,...,M}. Column index I; is
determined by the antenna selection algorithm (3) applied in
each subnet.

With H-S/MRC, receiver chooses L diversity branches that
have the best channel gain from a pool of M receive antennas.
In particular, given yo, the best L diversity branches should
be yo(Iw(ho,0)). After match filtering, the received signal
becomes
¥(ho,0)"yo(Tw (hoo))

r

S
= [U(hoo)|*zo + D ¥(hoo) ho,;(Tu(ho))z;

+W(ho o) "wo (T (ho o)) (6)

Since E{(Hij;).x(Hii) |} = 0,vi # j,k # 1, antenna se-
lection does not affect the statistical distribution of chan-
nel coefficient hp;,V1l < ¢ < S, although they do affect
the distribution of hgo. By further examining each term
in (6), we notice that given W(hgo) the scalar coefficient
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U (ho,o) ho,;(Tw(ho0)) is simply a linear combination of com-
plex gaussian random variables (r.v.s) ho,;(Iw(ho,)), thus is
still a complex gaussian r.v. with zero mean and variance
|\I/(ho,o)|2da?. As such, the interference power due to z; is
an exponential r.v. with mean |¥(ho,)|*dy S E[|z;|*]. Like-
wise, the noise term W (ho,o) wo(Iw(ho0)) is also a complex
gaussian 1.v. with zero mean and variance |¥(hg,)|?0?.

Since E[z;z}] = 0,Vi # j and E[zr;xz;] = P, the instanta-
neous signal to interference and noise ratio is

W (ho,0)[*
Zle vo,; + 0’2/P

where 19,; is an exponential random variable with mean d; §
Comparing (7) with the SINR expression in [1], we notice
that match filtering and antenna selection only change the
distribution of signal power however the distribution of inter-
ference power remains the same. Therefore, the throughput
of O-SAM with MAEs can be calculated using (2). In par-
ticular,

SINR (7)

U(h 2 2
P = Pod s < HOE T o) 2 6
770
o y_o2
£~ P
/ 5 / fur (@ )dxfhl/(ho_o)\Z(y)dy (8)
max{%ﬂ} 0
where vr =37 10,5, fu, () is the distribution of total network

interference, and fiy(n, q)2(2) is the distribution of signal
power.

Following the same Laplace method in [1], f,,(z) can be
easily found as

ST A exp{-xz/To;(D}  (9)

1i=1

Mm

Jo(x) = )+

J

where I's ; = d; * and B =[], P;j

_ 1/To 1 (m) )
J FO,J (l)

II (pk + Z pi 1/Tox(m) — 1/Ta;(1)

k#0,7

n

p; = H(l—e

=1

N R e 10)
7 ‘/9 oA V(G

k#l

—e/rj,j(z))

—z/rj,j(k)) daz

Since [ fo(v)dz = 1, it holds that B+Y 7, 3>, AT (1) =
1. Also note that if 9 =0,Vj # 0, then B = 0. For simplic-
ity, we assume that from now on I' = T'; ;(k). Extension to
arbitrary T'; ; (k) is straightforward.

The distribution of scalar |¥(hg,0)|? also depends on the
transmit antenna selection scheme in (3). In particular, we
consider two cases.

A. Random Selection with n = 1

Notice that random selection is different from the norm-
based transmit antenna selection criterion used in (3). It is
included mainly as a performance benchmark. In addition,

the analytical results derived for random selection serves as
a foundation for analyzing the norm-based antenna selection
scheme.

To find the distribution of |W¥(hoo)|?, order statistics
need to be applied to hge. In particular, hoo is a com-
plex gaussian random vector with zero mean and covari-
ance matrix Ips. Thus the channel gain of each diversity
branch is i.i.d. r.v. with exponential distribution f,,(z;) =
Lexp{—w;/T'},Va; > 0. Assemble diversity branches so that

Vi) Z VG, VES T

M
,TM) = M!HeiIi/F/F, T >

=1

f{,y() M (SL‘l,... . Z T M (10)

H-S/MRC combines L branches with the maximum channel
gain, thus [¥(ho)> = 3%, 2. Since the distribution of the
ordered branches is no longer independent, finding the p.d.f.
of |W(hg,0)|? involves M-layer nested integration of (10) over
{z;}M,. Such burden can be alleviated by decoupling {z;},
through a linear transformation [3]:

M F
=3 v (1)

where {Vn}ﬁlzl are i.i.d. r.v.s with p.d.f.

M

f{Vn}Lw:l(vl’UQa“kaj) = H

n=1

e ", 0< v, <o (12)
Therefore,

W (ho,0)[?

Zv+ Z Ly, (13)

L

= Z T =

i=1 i=L+1

For convenience, we assume I' = 1. For arbitrary I" the fol-

lowing result still hold as long as both signal power and inter-

ference power are normalized by I". Using Laplace transform,
the characteristic function of r.v. |¥(hoo)|? is

Flw(no,0)2U) = U+ 1)L H L+j+1LU

(14)

Using partial fractional decomposition and inverse Laplace
transform, we find the p.d.f. for |¥(ho)|?,

> (i

-1
Fiemo,02(y) = 1),e‘x+ Z ae”t®  (15)

i=L+1
where
M—L (—nEtk—i-1pL—iyn .
k=1 KEFI-TLIG—1)I(M—L—F)! 1<j<L-1
a; = LM —L)! j=1L (16)
Lo Mi(— 192 L+1<j<M

G-DELIG—L-1)I(M )

Plugging (15)(9) into (8) and using identity

k=0

]Z)k) ca>0 (17)

Yo _ (Z—l)' — ‘ (a
i—1 ax a
de = ~— "2 |1— y§
/Oac (& T = 7 ( (&
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the packet delivery ratio becomes,

M L

L i—1
_ir L _r a;T
Pa(§) = Y e T te Zz(z‘tl)v
j=L+1 J i=1 j=i
il 2
=SS AN ) (19)
j=1

where 7 = max{‘7 ,0}

‘ M a; 77'(751% +%)
N B e E
=41 T T & 3

akT 1/(z— 1)'

Te T(1+£FU

i=1 k=1

B. Norm-based Selection with n > 1
Given (3),

|9 (boo)|* = D (Fo.o(K))-.0)|*}

<k<n 1<1<M
Since the p.d.f. of r.v. |\I/((H070(k));,i)|2 is given by (15), it
is straightforward that the c.d.f. of r.v. |¥(hg,)|* is

nM

Fay) = J]P{w(Hoo(k)).0)]" < v}

nM

L) (19)

L k-1 M _
o o

k=1 j=0 k=L+1

where identity Z£:1 ak +Z£/I:L+ T =1 is used in the last
step. Plugging (19)(9) into (8),

S n
L= Fulr ( S AlerTm e w)
j=11=1
S n 2 .
—ZZAQ/OO@W*W v(@) ,
T »](l)

j=11=1

Py(§) =

To compute the last term, tedious expansion of Fy(x) into
multiple additive terms is necessary which is omitted here for
brevity.

C. Numerical Results

To illustrate the throughput advantages of opportunistic
SAM with MAEs over its single antenna counterpart, we con-
sider a square grid in Fig. 1 with 50 x 50 nodes. We focus on
the saturated network throughput achieved at high transmit
power, i.e. G% = 50dB.

Fig. 2 shows the performance scaling of H-S/MRC with
respect to the number of receiving RF links. We include the
throughput of single antenna O-SAM as a benchmark. Given
n = 1 and random antenna selection, Fig. 2 essentially shows
the throughput of each mutually interfering SIMO links, thus
the throughput gain mainly comes from receiver diversity. As
L — M throughput quickly saturates at M = L. Further
notice that interference suppression (6 = 6,p:) does not in-
crease the peak throughput of O-SAM when diversity order
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Fig. 2. The throughput comparison of O-SAM with MAEs vs. its
single antenna counterpart. H-S/MRC is used at receiver while random
antenna selection is used at transmitter.
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Fig. 3. Throughput scales with the number of antenna elements M.
Threshold 6 = 0.

is sufficient, i.e. M >> 1, although it does provide through-
put robustness against spectral efficiency. Fig.3 demonstrates
the performance scaling with both transmitter diversity and
receiver diversity. When n > 1, the same feature of through-
put scaling holds except that additional spatial diversity is
gain due to the presence of multiple active neighbors. Com-
paring "M = 8,L = 6” curve in Fig.2 and "M = L = 6”
curve in Fig.3, we observe that significant throughput gain is
achievable through transmitter antenna selection.

V. CONCLUSION

In this paper, we propose a distributed MAC scheme for
multiple antennas communications in a large scale wireless
mesh network. Analytical results demonstrate that even with
naive diversity schemes significant throughput gain can be
achieved. This motivates cross-layer design of multiple an-
tenna signalling and MAC to optimize the throughput of mu-
tually interfering links in a large scale network.
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