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Abstract—1In this paper, the diversity-multiplexing trade-off
is derived for a one-dimensional equally-spaced Rayleigh fading
ad-hoc Network. It is assumed that the interference from each
link to the other links in the network declines exponentially with
the distance, such that the attenuation between two neighbor
links is p®°. For any given multiplexing gain r, the maximum
diversity gain is achieved by utilizing a general time-sharing
scheme. We obtain an explicit formula for the maximum diversity
gain, and show that depending on the value of r and «g, there
is an optimum time-sharing factor which yields the maximum
diversity gain.

I. INTRODUCTION

The rapidly increasing number of wireless users and new
bandwidth-consuming applications fuel the growing demand
for more bandwidth and higher data rates. The trend goes to
providing higher data rates in suitable areas, such as offices,
homes or public places. This is the domain of Wireless Local
Area Network (WLAN) systems, which are low-cost, easy to
deploy and robust due to their specific design for unlicensed
operation.

The primary goal of WLAN is to provide connectivity, or
in other words coverage at all desired locations. There are
several factors in designing WLAN systems; infrastructure
density which addresses the coverage requirement, e.g., the
number of access point required to cover a typical environment
and the frequency reuse factor which controls the received
interference level. It is of interest to find the frequency reuse
factor (or equivalent time-sharing factor in TDMA schemes)
which yields the highest spectral efficiency while maintaining
a given minimum signal quality. In this respect, there is an
inherent tradeoff between the reliability of reception and the
rate of communication. We may allocate different frequency
bands to different users such that all receivers are interference
free, which boosts the reliability of the network. On the other
hand, the rate can be increased by sharing the bandwidth
among users at the cost of a considerable interference level.
In this work, we investigate the optimal time-sharing factor
to maximize the network spectral efficiency considering the
network’s infrastructure density .

Resource allocation algorithms are studied vastly for ad-
hoc networks [4]-[6]. A joint scheduling and power control
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algorithm is proposed in the context of unicast transmissions
in ad-hoc networks [4]. The scheduling algorithm eliminates
strong interferers so that the remaining nodes can solve the
power control problem by using the distributed algorithm
in [5]. Optimal spectrum sharing for a single-hop wireless
network is studied in [6] where power allocation between
different users has been discussed. A prevalent medium access
scheme for channel reuse in ad-hoc wireless networks is spatial
time division multiple access (STDMA), in which time is
divided into fixed length slots that are organized cyclically
[1]-[3]. STDMA schemes (with no power control) proposed
in the literature can be classified into two focal categories:
link scheduling [1], [2] and node scheduling [2], [3]. In each
cycle, or time frame, every time slot is allocated to different
designated communication links (under link scheduling) or
to different designated user nodes (under node scheduling)
such that all transmissions are received successfully at their
intended receivers.

In this work, we consider a one-dimensional ad-hoc network
in the high signal to noise ratio (SNR) scenario, and investigate
the maximum achievable reliability in decoding (diversity
gain) at the receivers, assuming a fixed transmission rate
(multiplexing gain) for all the links in the network. The
fundamental trade-off between the diversity and multiplex-
ing gain has been characterized for multiple input multiple
output (MIMO) systems in [7] and is extended for MIMO
multiple-access channel in [8]. This approach has been applied
for other wireless channels and networks [9]-[11]; In [9],
the trade-off between the rate and the reliability is studied
for different strategies in a wireless relay network. In [11],
diversity-multiplexing trade-off upper bounds are obtained for
cooperative diversity protocols in a wireless network.

For characterizing the diversity-multiplexing trade-off, we
consider a simple one-dimensional equally-spaced Rayleigh
fading ad-hoc network utilizing a general TDMA scheme. The
one-dimensional model for wireless network is used in several
works (e.g. [12] [13]). It is assumed that the interference from
each link to the other links in the network grows exponentially
with the distance, such that the interference between two
neighbor links declines as p~°. It is shown that for any
given multiplexing gain r, the maximum diversity gain is
achieved by utilizing a general time-sharing scheme where the
active users form equal-size equally-spaced clusters (a group
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of adjacent nodes) with the size at most 3, and the distance at
most [a%] The maximum diversity gain for each value of r
is obtained by taking the maximum diversity gain among all
the time-sharing strategies.

The rest of the paper is organized as follows; In section II,
the system model is described. Section III is devoted to the
characterization of the diversity-multiplexing trade-off for the
ad-hoc network and finally, section IV concludes the paper.

II. SYSTEM MODEL

We consider a homogeneous one-dimensional network, con-
sisting of n pairs of transmitters and receivers. The nodes are
equally spaced on two parallel lines such that the correspond-
ing transmitter-receiver links are parallel. The network utilizes
a general TDMA scheme, such that each link ¢ is active in J;
portion of the times. The objective is to find the optimum
n(t) = (m(t), - ,na(t)), where n;(t) is one, if the ith link
is active in the tth transmission block and otherwise is zero.

The channels between each transmitter and receiver nodes is
assumed to be Rayleigh fading. We consider a simplistic model
of signal attenuation, e~ over a distance d, where A > 0 is
the absorption constant (high attenuation environment). The
attenuation factor from each node to its neighbors is assumed
to be p®°. Since the attenuation model is assumed to be
exponentially related to the distance, the closest active link
will dominate the interference. Each receiver perfectly knows
its own channel, as well as the channel corresponding to the
strongest interference. The received signal at the ¢th receiver
at transmission block ¢ can be written as

yilt) = Hi ()% (t)n:(t)
+ 3 VaH (0% (0 (0) + (), (D)
J#i
where Hj;(t) ~ CN(0,1) and «j; denote the interference
channel and the attenuation factor from the jth transmitter

to the ith receiver, respectively. The power constraint for ith
transmitter is E{||x;||*} < p;.

III. DIVERSITY-MULTIPLEXING TRADE-OFF ANALYSIS

In this part, we derive the diversity-multiplexing trade-off
curve for the system described in the previous section. For
each link, we define

lim Ri(pi),
pi—oo log p;

2)

Ty =

where R;(p;) denotes the transmission rate of link i. The
optimal diversity-multiplexing tradeoff curve for this setup is

defined as an (n + 1)-dimensional vector (ry,--- , 7y, d*(r)),
A
r = (ry, -+ ,7y), such that
log Pr{%#
d*(r) = max lim log Pr{#(r)} 3)
p—00 log p

where Z(r) £ |Ji_, Zi(r) and Z;(r) denotes the outage
event in link ¢, and the maximization is taken over all time-
sharing strategies. For simplicity, we assume that the multi-
plexing gains of all the links are the same, ie., ry = --- =
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Fig. 1. Outage region

r, = r. Hence, we can express d*(r) as d*(r). Considering
this assumption and the symmetry of the network, we conclude
Pr{#(r)} = max; Pr{%;(r)}.

In the following, X (¢t) and Hj represent the strongest
interference signal and the corresponding interference channel
for the 4th link, respectively. We distinguish between two
scenarios:

e One strong interferer: ith link receives the dominant in-
terference from the mth transmitter. In this case, X (t) =
Xm(t), Hyp = Hpy, Ro = Ry and o = i =
p~Im—ilao We set 7; = 1 if ith link is in this case.

o Two strong interferers: ¢th link receives two equal inter-
ference from mth and [th transmitters such that m — i =
i — I. In this case, we have Hy = [H;;,H,;], Ro =
Ri+ R, Xo(t) = [x1(t), % ()]T, and o, = ay; =
i = p*|m*i|a0. We set 7; = 2 if ¢th link is in this
case.

Lemma 1 The probability of the outage event of the ith user
is as follows:

Pr{%:} =Pr{ [R > dilog <1fo€¢pﬂ U

v H 2 hz
|:Rl +Ro > 6; lOg <Oép||1+oa:p)] ﬂ
[

phi
Ri>5i10g(1+ ):|}
[ 1+ ayp|Holl* + agp
C))
where oy = MAX; j¢ [2i—m,m]n,;=1 Vji-
Proof: Please see Appendix A. |

From Lemma 1, we find that the outage event is the
intersection of multiple access channel outage region and
interference outage region as depicted in Fig. 1. As can be
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observed, the outage event can be expressed as the union of
the events A4; and As. A; is the outage event as if the second
user does not exist. The effect of interference from the second
user is captured in As.

Theorem 2 The diversity-multiplexing trade-off of ith link is
given by

facts that e=™1 « 1 and e 02 « 1 — hgs, since we have
h1i1,ho2 — 0. For the case that r > 51'(1’8:_7;’3“5), noting that
(mg — 1)(h1a — h11) — o0, (7) is approximated as

PI‘{AQ} bt h12 — h11. (9)

Using (8) and (9), we derive the diversity gain in (5).
ii)Two strong interference: In this case, f(hg) = hge "°

min(l — By — &, (1 + 78, — (1 +1)5,) and f(h1) = e~".1In (6), # = Pr{ A5} can be upper-bounded
&) (Tz+1) "(1+76,)) F,  and lower-bounded as follows:
A I A 2 e [0 )
0 Otherwise 7 < = / / e dhodhy
11
(5) — (e—hu _ —h12 1 _ (1 + h02) —h02) , (10)
t;vhere B, = (1+ lffg}”) y = (1+ 1?5;;) Fi=r<
Tt and Fr = SRepel < < 252

Proof: Considering the resglt of Lemma 1 and notmg
1 1 0
= +Z¢p(€ i *1) hoy £ —T22L (e —

Fig. 1, we define hy; = @ p

R R;+Ro Ry
— 5t A 1+a —
I4+e %), hio p¢p(€ —e 1o 51—1) ho £
-+730
1+a¢p T o A ho ho2—ho1
(6 % € +]‘) M1 = o —hi® and m2 hi2—hi1*

Con51der1ng Fig. 1, the outage probability in (4) can be written
as

Pr{%;} = Pr{Al} + Pr{Ay}

—hu

hlz hoz+ma(hi1—h1)
/ / (1) f(ho)dhodhy, (6)
hi1

1(h1—h11)

where ho = ||Ho||2. We consider the following two scenarios:
i) One strong interference: In this case, f(hg) = e~" and
f(h1) = e~™. From (6), we derive Pr{ Ay} as follows:

e—hn

m1 —|— 1
(h12+ho1)

-
—(1—¢
1 (
(a> 7}”1(}112 —hi1) —
hia+h
—(hi2+ho1) (176,(771271)(hlthn))7 (7)

Pr{A,} = (1 _ e—(1+M1)(h12—h11)) _

_(m2—1)(h12—h11)>

m2—1

where (a) comes from applying the approximation 1 —

e~ (tm)(hma=hi1) (1 4 my)(hig — hy1), since (1 +
my)(hi2 — hi1) — 0. For the case that r < Mﬁ*ﬁf"’),

rewriting (7) as

PI'{.AQ} hal eihu (hlg — hll) —
e—(h11+h02) (e(mz—l)(hlz—hu) _ 1)

)

(;) e~hn (1 —

e "02) (h1a — h11)
ho2(hi2 — hi1) (8)

where (a) comes from applying the approximation 1 —
elm2=D(hz=h11) ~ (my — 1)(hya — hy1) since in this case,
we have (mg — 1)(h12 — h11) — 0 and (b) comes from the

(®

=

IS

h
srgre [Cemonn

h11
_ (h02 + 1)6—(h02+m2(h11—hl))]e—hl dhy

— e*hll[ 1 (1 _ e*(1+m1)(h12*h11))
mi + ].
_ e—hoz (h02 + 1) (e(mQ—l)(hlz—hu) _ 1)] (11)
mo — 1
3i(Bv—Be) :
For r < =575 3, the first and the second terms in (10)

can be approximated by (hia — h11) and hZ,, respectively.
For r > (fs—ufﬁ (10) can be approximated by his — hyy. It
can be easily shown that the same result is true for the lower-
bound. As a result, the final diversity gain is obtained as in
(5). ]

In the above, we have derived the maximum diversity gain
for the ith link, conditioned on having a fixed §; and 7(¢). Now,
we want to obtain the optimum values for 6 = (d1, 02, -+, d,)
and 7(t), based on ag and r. Let us consider the following

special cases:

e g > 1: In this case, it is easy to see that the interference
from all the links are negligible with respect to the noise.
Therefore, we can consider this case as a parallel non-
interfering ad-hoc Network, where the optimal values of
7 and ¢ are equal to 1 and 1, respectively. The maximum
diversity gain of the network can be obtained as

d*(r)y=1-m,

0<r<l. (12)

e a9 = 0: In this case, the attenuation of all interference
channels is 1. Assuming that all the receiver nodes
know all their corresponding channels (direct channel
and interference channels), similar to (13), the outage
probability for all the links can be written as

Pr{%,} =Pr {[7" log p > 0;log(1 + hip)] U
[n'rlog p > 6;1log(1 + p|Ho||* + hip)] [ )
[rlogp > §; log (1 + phi

) )

13)
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where Hy £ [y, -+, hii—1)i t1yir -+ hni] and n/
denotes the number of active links in the network. Due
to the symmetry between the links, we have d; = 6, Vi.

As a consequence, n’ = nd. Following the equations (6),
o' ~le=ho

(10), and (11), and noting that f(hg) = ~Gr—r we
have

win _ J min(1=%né(1—nr)) r<i
d; (r) _{ 0 Otherwise (14

The value of § which maximizes the diversity gain in (14)
is 1. Hence,

d*(r) :{ gnin(l—r,n(l—nr)) r< it

Otherwise

15)

For 0 < a9 < 1, we make the following observations:

o Assuming large number of links in the network, almost
all the links have the same situation (except the very
end ones). Hence, as a result of the symmetry, we have
d; = 0, Vi. This suggests that we only need to derive the
diversity-multiplexing trade-off for one link.

o We can categorize the links into clusters, where each
cluster consists of some neighbor links, which are active
simultaneously. Because of the symmetry in the network,
all the clusters have the same number of links.

o The number of links in each cluster must be less than or
equal to 3. The reason is that having more than 3 links
in a clusters makes the outage probability the same as
when all the links are active at the same time. Therefore,
the diversity gain will be strictly less than that of the
all-active case, and as a result, we can disregard these

cases.
o Defining the distance between two clusters as

PD(C1,Ca) = i D11, 1), 16

(C1,Co) ,edhin_ (l,12) (16)

where [; and [y are two links in the clusters C; and
Co, respectively, and %(ly,l3) denotes the normalized
distance between these links (in terms of the distance
between two neighbor links), we have

2(Ci,C;) < [1/an],

for any active neighbor clusters C; and C;. The reason is
that for Z(C;,C;) > [1/ay], the inter-cluster interference
is negligible with respect to the noise, and since increas-
ing the distance between the clusters reduces the diversity
gain, there is no point to consider Z2(C;,C;) > [1/ag].
From all the above observations, it follows that the diversity
gain is a function of k, the number of links in a cluster, and
s, the distance between two neighbor clusters. We denote the
diversity by d, . (r) and define §.(5, 5., 8) as the diversity
gain in (5). We determine dj (r) in terms of function § as
follows:

a7

1s(r) =Fa(rs, (1 - sap)t, (1 — 2sag)™). (18)
1
B30 = 51" (1 ap)* (1 - s00)). 19)
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Fig. 2. The diversity gain of a one-dimensional network vs. multiplexing
gain for ag = .4.

d; o (r) = min(dy ,(r), d5 ,(r)), (20)
where
r(s+2
) =52 1 ag) (1 s00)h), @)
and
1" T(S + 2) + +
& (1) = Fo(" L (1= o) (1= (s + Dao) ') 22)
The maximum diversity gain can be obtained as
d*(r) = max dy. s(r). (23)

The diversity gain d*(r) is depicted in Fig. 2 for g = 0.4.
It is compared with the diversity gain of the network when
all the links are active simultaneously (No-time-sharing), and
also when the time-sharing is applied such that active links
do not project interference on each other (No-interference).
Fig. 2 clearly shows that the optimum scheme depends on
the rate of transmission, e.g. for low multiplexing gains, the
performance of No-interference scheme is close to optimum
while for high multiplexing gains, the performance of No-
time-sharing scheme is optimum.

IV. CONCLUSION AND FUTURE WORKS

This paper introduces a measure for optimally allocat-
ing bandwidth among users considering network’s infras-
tructure density in a one-dimensional ad-hoc network. The
diversity-multiplexing trade-off curve is characterized for one-
dimensional equally-spaced Rayleigh fading ad-hoc network
utilizing a general time-sharing scheme. We have shown that
the diversity gain for each strategy depends only on the size of
the clusters as well as the distance between two neighboring
clusters. Moreover, the maximum diversity gain for each value
of r is obtained by taking the maximum diversity gain among
all the strategies at 7.
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V. APPENDIX A

Noting (1), for all the links (except the first and last ones),
we can write

I(x;y:/H;, Ho) >
hip + ay,pl|Hopl]? + 1

d; log . (30)
yi(t) =H; (£)x: () (t) + au Ho(£)Xo(t) aypl[Hol? + 32 ¢ 12i—mm) @iiPn; + 1
+ Z w/OéjiHji(t)Xj (t) + Ili(t), (24)
4,3 ¢[2i—m,m] I (xi;y:[H;, Xo,Ho, Vo) >
Let us define % and BY as follows: Slog [ 1+ = phi o 31
J,7¢[2i—m,m] It
2L 2 (Ri > 1 (xi3yilHi, Xo, Ho, Vo)) |
(Rz + RO > 1 (Xi, Xo; yi‘Hia Ho, Vo)) I (Xi7 XO; yi|Hi7 H07 VO) >
. e xr. . hz v H 2
ﬂ(R’L >I(Xl7yl|H’LaH0aV0))}7 (25) 5110g 1+ 1+§: + « PH O(|:|an (32)
j,j¢[2i—m,m] XiiPj
where V| includes all the transmitted signals except x; and sI% ]
Xp.
’ I (x;;yi|Hi, Ho, Vo) >
%fjé R: > 1 (x;;y:|H;, Xo, H h:
{(Ri > 1 (xi; yilHi, Xo, Ho)) | stoe (14 oh; .

(Ri 4+ Ro > I (xi,Xo;y:i|Hi, Hy))

ﬂ (Ri>1 (Xi§Yi|HiaH0))} : (26)
In fact, %ZL denotes the outage event for the ith link, when
the receiver has full access to the other users data, and %g
stands for the outage event in the ¢th link, when the receiver
treats all the users data, except the dominant interference, as

noise. It is clear that [1]

Pr{#l} < Pr{%;} <Pr{#Y}. 27)

[2]
In the following, h(.) denotes the entropy function. We com-

pute the mutual information in (25) and (26) as follows: [3]

I (x;;y:|Hi, Xo,Hp)
=Pr{n; = 1} (x;;y:|H;, Xo, Ho, 1 = 1)
>6;h(H;x; + /o, Ho X + n; |H;, Xo, Hy)

>

4,3 ¢[2i—m,m]
— 5, log(2me(ph; + 1))

[4]
[5]
—;log | 2meVar

VagiBix;n; +n; (6]

[7]

—d;log | 2me Z ajipn; +1 .
J.ig2imm,m] 15}
h; 1
=4, log Pt 28) [
2, j¢[2i—m,m] @5iPMj T 1
[10]
I (xi,Xo;yi|H;i, Ho)
> 6;h(H;x; + /a, HoXo + n;|H;, Hy) 1]
— 6; log | 2weVar Z VogiHxm; 4+ ny [12]
J,7¢[2i—m,m]
[13]
h; Lol Hol|? +1
— 5, log pta p” OH + (29)

Zj7j¢[2i—m,m] ajipn; +1

2850

L+ awplHoll? + X5 i 2i—m,m) @5iPT;

We define agy £ MAX; j¢ (2i—m,m]n,;=1 Vji- AS p — 00, wWe
have > ooy m @iPTj = agp. From the equations (28)-
(33), we can see that Pr{%L} « Pr{#Y} and the result of
the lemma follows.
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