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On the Scalability and Capacity of Single-User-Detection Based
Wireless Networks with Isotropic Antennas
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Abstract— We extend the results of [1] on the capacity of single-
user-detection based wireless networks, and we determine the
implications of our results on the scalability of such networks.

paper builds on the results of [1]. In [1], a new approach
is developed to analyze the capacity and scalability of such
networks on the plane, through the use of a more general

In particular, we consider a wireless network of N nodes that
are equipped with isotropic antennas. The nodes are stationary
or moving arbitrarily in a network domain of an arbitrary

network model than the models used in [3] and [4]. This
generality was achieved by deriving bounds on

one, two, or three dimensional shape, as op@peddoorhé. thais upper bound is called the simultane-
dimensional circular domain in [1]. In thispaxbitzangndigredn capacity of the network domaw (

sional setting, we derive bounds on the per node end-to-end
throughput capacity and the maximum number of simultaneous
transmissions whose SINRs exceed a given threshold. We derive
these bounds with both the bounded propagation model in [1]
and a large class of bounded propagation models, which we
refer to as the general propagation model. Our results show that
with the general propagation model, the maximum number of
simultaneous transmissions, whose SINRs exceed the threshold
has an upper bound that does not depend on N, and the per
node end-to-end throughput capacity is O(1/N) for a large class
of wireless networks. Moreover, we establish several required
conditions for scalability. These conditions show that, for any
propagation model, to achieve a desired per node end-to-end
throughput as N grows, it is necessary to keep the average
source-to-destination hop count bounded. Also, for the particular
propagation model of [1], we show that the size of the network
domain must grow with NV at a rate that depends on the dimension
of the network domain and the path loss exponent.

Index Terms— capacity, capacity bounds, isotropic antennas,
scalability, throughput, wireless networks.

I. INTRODUCTION

N every wireless network, the per node end-to-end through-

put is upper bounded by the per node end-to-end through-
put capacity &¢). In general\e may depend on many parame-
ters of the network, such as the number of nod€} [1]-[6].
Hence, understanding the dependence\gfon N and the (B)
other network parameters is vital to determine the necessary
conditions for the scalability of a wireless network with the
number of nodes.

In this paper, we consider the scalability and capacity of
single-user-detection based wireless networks that are not
supported by a wired infrastructure, and where the nodes are
equipped with isotropic antennas [1]-[6]. Our work in this

Manuscript received September 22, 2004; revised January 18, 2005 and
May 5, 2005; accepted May 27, 2005. The editor coordinating the review of
this paper and approving it for publication is H. Yanikomeroglu. This work has
been supported in part by the Department of Defense (DoD) Multidisciplinaréc)
University Research Initiative (MURI) program administered by the Ofpce
of Naval Research under the grant number N00014-00-1-0564, by the DoD
MURI program administered by the Air Force Ofbce of Scientibc Research
under the grant number F49620-02-1-0233, and by the National Science
Foundation grant number ANI-0081357.

O. Arpacioglu is with the Nortel Networks - Netas MCS, Alemdag Cad.
No: 171, Istanbul, Turkey (e-mail: ca27@cornell.edu).

0

)
and it represents the maximum number of simultane-
ously successful transmissions that can occur within the
network domain, no matter what the number of nodes
is. Asymptotically, NtQ is O(G/B), where G is the
processing gain. Also, for a path loss expon@ntNtQ
is O(AMN{/ 21y jf 4 #2, andNtQ is O(A/log(4)) if
v = 2. Moreover,N2 is O(~9m ).
If the areaA is bxed, then\e is O(1/N) even when
the mobility pattern of the nodes, the spatial-temporal
transmission scheduling policy, the temporal variation of
transmission powers, the source-destination pairs, and the
possibly multi-path routes between them are optimally
chosen. This result continues to hold even when the nodes
can maintain multiple transmissions and/or receptions
simultaneously, or when the communication bandwidth
is partitioned into multiple channels. MoreoveY, is
O(1/H), where H is the average number of hops be-
tween a source and a destination.
For practical systems, a desired per node end-to-end
throughput is not achievable a§ — oo, unless the
following two conditions apply:

1Supposef andg are non-negative functions of a real varialsleWe sayf
1s O(g) (with respect tax) (or, g is anasymprotic upper bound on f) if there

Z. J. Haas is with the School of Eleical and Computer Engineering at 2r€%0, Yo > 0 such thatf < yog for all x = Xo. Also, we sayf is ( g), if
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(C.1) H does not grow indebPnitely wittV, and prove that the result (A) above still holds, in the sense that
(C.2) A grows with N such that,N is O(A™"{/ 21}) if  with both propagation modelsy™® is still upper bounded
~v#Z2,andN is O(A/log(A)) if v=2. by the simultaneous transmission capacity of the network

In the network model of [3] and [4]4 is Pxed and it domain (VZ), which does not depend oN. Moreover, we
is assumed that the received power at a distandeom a show that N¢ is O(G/B) with both propagation models.
transmitter equals to the product of the transmitted pdwehdditionally, we Pnd the arbitrary dimensional analogues of
andzS . The authors of [3] concluded that, if the nodes ardie asymptotic upper bounds v, N{", ande. In partic-
immobile, then\e vanishes asV — oc. However, the authors ular, we show that with the power law decaying propagation
of [4] concluded that there exists a two-dimensional mobilinodel, N2 is O(D™n{ dm }) when~ # dim, and N¢ is
pattern of the nodes that allows to be (1) with respect to O(DY™ /log(D)) when~ = dim. Also, we show thatV?
N. Also, both [3] and [4] concluded that{"® is ( N). is O(y%™ ). Furthermore, we show that th@(1/N) result in

These results of [3] and [4], differ signiPcantly from theB) continues to hold with the general propagation model, and
corresponding results in (A) and (B) above. The main reastire O(1/H) result in (B) holds for every propagation model.
for these differences, is the different propagation model thatFinally, regarding the scalability of practical systems, we
was used in [1]. In [1], it is observed that the propagatioshow that condition (C.1) is required for every propagation
model of [3] and [4] leads to too optimistic evaluation ofmodel, and the arbitrary dimensional analogue of condition
the received power of each transmissionésgrows large. (C.2) is as follows: D grows with N, such thatN is
Hence, in [1], a bounded propagation model, called the pow@fD™"{ 4 }y if v % dim, and N is O(DY™ /log(D))
law decaying propagation model, is used. This model repladésy = dim.
x> above with (1 + z)° . This replacement provides a Our results in this paper also extend the results of [5] and
more meaningful estimate of the received power for smdfl] in a similar way [1] extended the results of [3] and [4], as
transmitter-receiver distances, while approximating the cowe pointed out in the beginning of this section.
ventionally used propagation model at large distahc&his The outline of the paper is as follows: In section Il we
model was also suggested in earlier studies on connectivityscribe the network model and debne the quantities that are
[7]-[8] to obtain more realistic results. used in the derivations. In section Ill, we derive the upper

The results of [3] are further extended to a spherical netwoblounds on the simultaneous transmission capacity and the per
domain in [5] and the authors of [6] concluded that the resuibde end-to-end throughput capacity. Section IV presents the
of [4], which states thabd. is (1) , continues to hold with a analysis of the upper bounds. In section V, we discuss the
one-dimensional mobility pattern. Finally, the authors of [Smplications of the results on scalability. Finally, section VI
and [6] used the propagation model of [3] and [4], and thesoncludes the paper.
concluded thatv"® is ( N) in their network settings as
well. Il. NETWORK MODEL AND DEFINITIONS

In light of the results of [1]-[6], the following questions still
remain unanswered:

¢ With the more realistic powdaw decaying propagation

Firstly, we discuss our network model, which is an extension
of the network model in [1].
o ! A. Network domain and Nodes : All of the N nodes are
model, what are the capacity limitations of smgle-userc—)Cated within the bounded network domahc R4m at all

detection basedrbitrary dimensional Wireless networks, yioq \whereh is the real linét The diameter of the network
and what are the implications of these limitations on thc? D is debned ag) = Th
scalability of such networks? omain, D, is debned ad) = sup,, g ||u — v[|. There are

) . trictions on whether or how nodes move.
¢ Do the main results of [1] and the corresponding result® ¢S .
[1] P g B. Transmitter and Receiver Model : Each node is capable

for arbitrary dimensional wireless networks rely strongl beina a transmitter and/or a receiver at anv diven time
on the specibc structure of the power law decayin Ing a : . €clver a y gV Ime.
Il transmitters and receivers have isotropic antennas. There

propagation model, or are they indeed valid with a lar - o ; .
class of propagation models? are no restrictions on how the transmission power is varied

The main contribution of this paper is providing answers tg
the above questions. We answer these questions by deriy,
the corresponding bounds oNZ, N™  and ). for the
arbitrary dimensional case, i.e., for a network dom@itthat
has diametetD and dimensioniim € {1,2,3}. In addition
to the power law decaying ppagation model, we introduce a rate not exceedin/mae bits/s only when theSINR at
the general propagation model, which is the class of

bounded i dels f hich th ved e receiver is not below$ > 0. The processing gait’ > 0
ounded propagation models for whic € receve p,OWFerpresents the factor by which the total received interference
monotonically decreases as thensenitter-receiver separation

ower is reduced at each receiver. Each receiver is capable of

increases. With the help of the bounds that we derive, Vﬁ‘?aintaining at most simultaneous transmissions intended for

2In [3] and [4], the SINR based threshold model with this propagationitSelf, given that theSINRs of these transmission are greater
model is calledphysical model.
SInterested reader can see [1] or [12] for a detailed discussion on this issuélf all points of @ lie on a line, therdim = 1, else if all points ofQ lie

and for more detailed discussions on comparisons among the network modelsa plane, therdim = 2, otherwisedim = 3. Also, distance, area, and
of [1], [3] and [4]. volume measures have the units [m],4nand [n?], respectively.

uring a transmission. For the time being, we assume that
Il transmissions take place within the same communication
dwidth, but in section 1lI-B, we will also generalize our
results to the case where the communication bandwidth is par-
titioned into sub-channels of smaller bandwidth. Information
from a transmitter can be transmitted to its intended receiver



IEEE TRANSACTIONS ON WIRELESS COMMUNZATIONS, VOL. 6, NO. 1, JANUARY 2007 11

Proof: At an arbitrary timef, for everyl < i < N, letri(t) be the distance between transmitjeaind receivei. Also, let
be the number of successful transmissions for which rigsle Fj () be the power received by receiviefrom transmitter;.
the intended receivef; (t) be the received power of thé"  Finally, let SINR; (t) be theSINR at receiveri. Then, for all
successful transmission intended for neder everyl < £ < 1<1i < MV,

ri(t). Also, let&(t) be the power of thermal noise present in PI (%)
the communication bandwidth at nodeandSINRy () be the B < SINRi(t) < — TN I
SINR of the k" successful transmission intended for nade ORE Z:i =1,j=itii (®)
If 1 <i< N andri(t) > 1, then for alll < k < ri(¢t), - gpﬁr (t) — GG (1) > ZJ_NItl i P (#)
B < SINRy (t) < - i k‘r ((tt)) = 0% = PH(®)alds (1)
GO+ g2t =k Bi ()

Ty sy, P

G >y P | G =

=72 LSk P T Pl @ s Y =i B

€Y G ri(t) ~ri(t) Pji(t) ri(t) G i(t . t

= i(1)= = N Yt ek pam T ke pki((t)) < 257 S B — g%y Xk G, 3
(b) ) ) - .
> o= Pl Pt where () follows from the monotonicity ofa(:), and
= k=1 j=k+l (Pki(t) Pji(t)) the fact thatd; (t) < D for everyi, j, andt.
Dyuwstynw o Now, let Pr (1) = SSN¢ PH(E), Pr(t) = oMY P (1), and
= i (B)(ri (1) — 1), Cr(t) = ZlNztl Gi(t). So, Pr(t) is thetotal transmitted power

at time t, Pr(t) is the rotal received power from intended
transmitters at time t, and (g (t) is the rotal received noise
power at time t. Hence, from (3) and the above debnitions,

=>n(t) <1+ &, if1<i<Nandri(t) >1, (2)

where @) follows from adding all i(¢t) inequalities in

(1) for each value ofi, (b) follows from rearranging the (Ny — 1) Py (1) < GPr(t) G r(1)

order of the double sum and the non-negativity of the ! W= a(d) a(D)

single sum, anddj follows from the fact thatr + 1 > 2 ~ N, <1+ —CPrOO G r(Y

for everyz > 0. Clearly, (2) also holds il < i < N L aéD)PT(t) a(b)Pr (1)

and ri(t) < 1. Since Ny = YO\, ri(t), this implies that = M <1+ —q5y, (4)

Ny < N(1+ G/pB) . Also, since each node can maintain

at most s simultaneous transmissions intended for itselfvthere (4) follows froma(-) < 1, which implies that
ri(t) < s. SinceN; = EiNzl ri(t) , this impliesN; < sN. IR (t) < Pr(t),” and the fact that noise and transmission
On the other hand, if the transmissions are half-dupleRgwers are non-negative. By depnitiovi? is the maximum of
then N; < sN/2. This is so, because in this case, ndi over all the number of nodes, their placements, the choices
node can transmit and receive simultaneously and es@htransmitters, their intended receivers, and the transmission
node can be the transmitter or the receiver of at mostpowers. We did not restrict any of these choices while
simultaneous transmissions. Together with the inequaliti@€riving the last inequality in (4). Hence, its right-hand side
Ny < N@ + G/B) and N; < sN, this implies that is an upper bound o2, which is not less thatv™ . This

Ny < Nmin{(1 + G/B),c - s}. While deriving this upper completes the proof. ]
bound on/;, we made no restrictions on the propagation 3) Upper bounds that hold with the power law decaying
model, the placement of th& nodes, the choices of thepropagation model: In this subsection, we derive an upper
transmitters, their intended receivers and the transmissi@und onN¢ (hence, N™) with the power law decaying
powers. Hence, this upper bound @4 is an upper bound propagation model. This upper bound, as well as the upper
on N™ for every propagation model. This completes theound in (T2.1), are due to co-channel interference. As it can
proof. m be deduced from the debnition 8 and Theorems 2 and 3,

2) Upper bounds that hold with the general propagation ~When all transmissions occur at the same channel, it becomes
model: In this subsection, we prove Theorem 2. This theoreifpossible to satisfy thé/NR threshold requirements of all
allows us to show that the main results of [1] are not tied f6ansmissions at the same time, if the number of transmissions
the particular propagation model in [1], but rather they holgxceeds a certain Pnite number.

for the general propagation model as well. Theorem 3: With the power law decaying propagation
Theorem 2: With the general propagation model, for every ~model, for every time t, ( G) i
. 1+ G )gdim
ftime t, 0 — B
N < N < U gim = —, (T3.1
Nmax < N2 < 1+ %, (T2.1) vt STt = mam dimhﬂd%‘ym_ldu (T3.1)

Proof: At an arbitrary timet, we index each transmitter-
y "Note that this is exactly the inequality, where the bounded behavior of the

rgcelver pf’:lll’ th'at belongs to the same successful _transrnls%%agation model plays a key rolf one uses an unbounded propagation
with a unique integer from{1,2...N;}. Thus, receiver is model, such as the propagation model in [3] and [4], it is not necessarily

the intended receiver of transmitter for all 1< ¢ < N;. frue thatPr(t) =< P (1). In fact, with the propagation model of [3] and [4],
Let Pt be th itted b . N_ | one can makePr(t) as large as desired, provided the transmitter-receiver
et j (t) e the power transmitted by transmitgerNow, let pairs are sufbciently close so tHag(t) > P (t). Certainly, such a case is

¢i(t) denote the power of noise at receivigrand letdj; (t)  unrealistic due to the law of conservation of energy.
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TABLE |
THE VALUE OF THE INTEGRAL IN (T3.1)
dim=3 dim=2 dim=1
] (e L IS z k= -
- 2, =2 1 (1+d) 1—(1+4d)
{k}dim 2. (td) —K( -k DY (—DK( -k
k=1 k=1
2
=1 % +log(1+ d)—d d—log(1+ d) log(1+ d)
=2 | d+ 9382l0g(t+ d) | log(1+ d) — 195
=3 | logl+ d)$ jg;’fgfg
_ 1/dim _ 1 _ 2 3 —
where d= D/cgp, 1= 5,= 5— 5 ,c3= 15 and

the integral in the denominator is given by the expressions in
Table 1.8

Proof outline: By using the same technique as the one used

to derive inequality (7) in [1], we bnd that
SNt > 38 S - ally (1), (5)

wherelj (t) is the distance between receiveand receivey.
Next, we use the following lemma:

Lemma 1: (Interpoint distance sum inequality) Let
Bgim (D) be a dim-dimensional ball® with diameter D. Let
n > 2 points be arbitrarily placed in Bgim (D). Suppose
each point is indexed by a distinct integer from {1,2...n}.
Let ljj be the Euclidean distance between point i and point j.
For every 1 < i < n, define the m™ closest point to point i,
Zim , and the Euclidean distance between point i and the mih
closest point to point i, uim , as follows:

z1= argmin  {l }
j{12.n}{ i}

Zm = argmin {i }, if 2<m<n-1
i{12.n},
i zud !

Uim = liz i if1<m<n-1

Then, forall1<m <n-1, [ uﬁi]m < mddm
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taking thedim™ root of both sides, we bnd that for every
1 S m S Nt - 1,
)1/dim (a)

)1/dim > ( > N% E|N:tl Uim (1), (6)

where @) follows from JensenOs Inequality [10]. Next, from
(5), we obtain that

Ne ufa(t)

m
i=1 ~ Ny

N¢

d(

Nt

t Nt N¢ _ N¢S1
SN 2 Zi:l ZJ =1,j=i Cl(lij (t)) - m=1 i=1 a(uim (t))
_ NeS1 Nt (1+ Uim(t)) ~
= NEnt (D G )
(b) = S
>N (1 M )

(c) = ; S
>N mtzsil(l"'d(,\,ﬂt)l/dlm ) ’ )

where ¢) follows from JensenOs Inequality angl follows
from (6). Now, (7) implies that

G > Emtél<1+ d(Nﬂt)lldim )3

=1
Q) i S
Z let(1+ d(NLt)lldlm ) dx

© .. N 1+d (u§ 1)dim-1
= dimgaw L+ dN /e ——du, (8)

where () is due to the fact that il andb are integers such that
b > a, and f(x) is a continuous and non-increasing function
of z over [a, b+1], then>_2 __ f(m) > /2! f(z)dx, and €)
follows from changing the variable of integration by debning
u=1+d(z/N;)Y¥™ . Denoting the integral in (8) by, we
write:

= i /dim
_ l+d (uSpdim-1 1+ dN }
I_ fl u du—fl t

(Ué 1)dim—1
Wy
(f) & dim— 1/dim . -
> f11+ d (us 13 ! du — f11+ diN (u — 1)d|m Sldu
& ydim—1 . S1
= fll+d %du — (dzmd'(\,'—ifn) , 9)

where (f) is due to the inequality fidz < [¢ fodx when

Proof outline: The proof of this lemma parallels the prooffl and f; are continuous functions witlfy < f> on £ € ®

of Lemma 1 in [1], with the following changes: the two

[11]. Now, (8) and (9) imply thatV; < U gim . The rest of the

dimensional disks in the proof in [1] are replaced here witﬂrOOf follows along the same lines as the proof of Theorem 2

dim-dimensional balls, and the overlap ratji, in [1] is

after (4). [ |

computed here for one and three dimensional balls as well.

This results infy, = f(y)|y: Uim , where for0 < y < 1,

fly) = 1 for dim=1, andf(y) = % — 2 for dim=3. Hence,
f(y) > f(A) = cdim . From there, the proof follows from
inequalities (L1.3) to (L1.9) in [1], while replacing in [1]

B. Upper Bounds on Throughput Capacity

The next theorem provides the upper boundsXanand
Am that hold with each propagation model and with multiple

with caim , and using the volume of the balls instead of theUb-channels.

area of the disks. O
We note that Lemma 1 is also valid wheByy (D) is
replaced withQ, becausd is a subset of @im-dimensional
ball with diameterD. If we setn = N; and the location of
points as the location of the receivers at timehen uim, (t)
becomes the distance between receivand them! closest

receiver to receivei at timet. Thus, Lemma 1 implies that

mdim > Nt ydm 1y Now, dividing both sides byV; and
8In Table I, = dIM( £K). Also, ly=2=11if =2, andly=>=0if 2.

9A dim-dimensional ball with diameterD is a closed line segment having

length D whendim = 1, a closed circular disk having diametEr when
dim =2, and a closed sphere having diamemwhendim = 3.

Theorem 4: (i) For every propagation model,

e < Am g%min{1+ 9,0-5}. (T4.1)
(it) With the general propagation model,
Wmax G
Ae < Am < T (1 t Ty (D))' (T4.2)

(iit) With the power law decaying propagation model,
e < Ay < Hmexgim (T4.3)
Moreover; if each transmission occurs over one of M non-
overlapping sub-channels with maximum transmission rates
Wi, Wa... W, then (i), (ii), and (iii) still hold, if Wmax is
replaced with  M_; Wh,.
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TABLE Il
ASYMPTOTIC UPPER BOUNDS orNtQ, N{"&, ¢, AND m

NtQ Nmax eand m
D o(DmMinty.dim}by "jf g dim
O(D9iM/log(D)), if = dim
o( %im) o) o)
G/ O(G/ )
s Oo(1)
N [5) 0o(1) O(1/N)
H b b
Wmax b b
Power law (T3.1) (T1.1) (T4.1)
General (T2.1) (T2.1) (T4.2)
[5) (T1.1) (T4.1)

@

Proof: The result in the following lemma was derived in
the proof of Theorem 2 in [1}°

Lemma 2: If U is a time-invariant upper bound ai™,
then e < Am < %

ReplacingU with the time-invariant upper bounds in The-
orems 1, 2, and 3 proved,((if), and ¢ii). The remaining part
of the proof follows from the proof of Corollary 2 in [2].®

IV. ANALYSIS OF THE RESULTS

In this section, we discuss how the upper bounds in The-
orems 1 to 4 depend on various parameters of the network.
In Table 111 we present the corresponding asymptotic upper
bounds onVZ, N"@ |\, and\ny . These results describe the ()
asymptotic growth rates avg, N\, and Ay as a given
network parameter grows, whitae other network parametersFig: 1. The upper bound one and m wheng@ is a spheredim=3), G=10,

- and =20 [dB]. In Fig. 1@), (N,H)=(900,1) and the Pgure shows the presence
remain bxed? - ; : N
p . ) of a region of ¥, ) pairs (hence, D, ) pairs), where the limitation of e
In Table I, the results onV;® imply that if the network and m is due to shortage of space and attenuation. ¥gy, () pairs outside
domainQ is regularly scaling (e.g.Q is a sphere for each this region, where 3 y=0.5, shortage of inactive pairs of nodes becomes the
0 min { /dim, 1}y - . dominant limitation. In Fig. X), ( ,H)=(3.2,1) and the Pgure demonstrates
value of D), then Ny is O(VQ ) if yZdim and oy is bxed andN is increased, thene and m vanish asN grows
large. However, if\/Q also increases witiN, then it is possible to keep the

100ne can observe from the proof of Theorem 2 in [1] that one paIrtiCuIéﬁpper bound at a constant level, so that it does not rule out the possibility of
gﬂeving a desired per node end-to-end throughputl agrows large.

case where Lemma 2 applies is when it is assumed that time is divid®
into slots and in each time slot the transmission powers and the path gains
stay the same (this was also assumed in [3]-[6]). In that case, @@me

should be interpreted as Otime st@ in Theorems 1, 2, and 3. Another [ —— 0 i
case where Lemma 2 applies is when it is assumed that data can Row iQ. VQ/ IOg(VQ)) if v=dim. Hence,N¢" grows at most linearly

given transmission only at time instants where SR of the transmission With the volume of@, and this can happen Onl_y when-dim.
is greater than or equal to [1]-[2]. In this case, in the dePnition dfi{"@x, We note from Table Il that the asymptotic upper bound

_Onumber of simultaneously ;uccessful transmissions att@nehould_ be on NtQ grows indebnitely withD or ~, WhereasNtmaX, Ae,
interpreted as Onumber of simultaneous intended transmitter-receiver pairs

whose links haveSINR greater than or equal to at time instanttO. and A\m are O(1) with respect toD or ~. This is due to
Hin Table Il, the propagation models are gray-shade coded accordiehange in the dominant upper bound dF'®, \e, and A\n

to the last three cells in the leftmost column. The gray-shade of each cg p or ~ grows. ForN™  this change is from (T3.1) to
represents the propagation model for which the result in that cell holds. T t '

last three rows indicate the equatiom which the corresponding results in 1.1), and forXe al?d Am, this change is frqm (T4.3) to
each column is derived. For example, whendim, the O(D%™M/log(D)) (T4.1). The reason is that beyond some Pbnite value® of

result is obtained by showing that the upper boundNff in (T3.1) is  or ~, although the network domain provides sufpbcient space

di R . . .
(DM/log(D)), given that the paraeters other tharD are bxed (be- anq attenuation to schedule more successful transmissions,
causelim p .o [Uy dim/(D%"™M/log(D))] = 1+ G/ )/(cgimdim) [ . .
(0, 00) in that case). The results with * improve @(min{s,G/ }), if the the upper bound on the number of simultaneous receptions

parameters andG/ grow together. Also, th®( 9i™) result assume®>0, per node, i.e., mifl+G/3,cs}, becomes the limiting factor,

while for D=0 the result becomeS(1). __and it does not allow scheduling more transmissions. The
Note that in the derivation of the theorems, we made no restrictions gn

the interdependence of network parameters. In [1]-[6], while deriving th@uantityU,dim in (_T3-1) and'(T4-3) growsiindebnitely with
asymptotic bounds, the approach was to keep other parameters bxed, whlleand v. Hence, in the region ofl§,y) pairs bounded by

a parameter is being increased. Hence, for comparison purposes, only in fiig D axis by they axis, and by the set oflf,y) pairs for
section, we adopt a similar approach. In section V, we will also consider ’ ' '

practical systems with possible dependencies, such as the dependency bet\)(_)gé:wh U dim IN=min{1+G/B,cs}, N, )_\ey an_d Am .are _
D andN. limited by shortage of space and attenuation. Since this region
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expands asV grows, it supports the following claim (which 2000
is also noted in [1] whentim=2) for arbitrary dimensional 1800
networks: For large N, there is a region of (D,y) pairs
where additional space or attenuation provides considerable
increases in N{"™, \e, and Am, as their behaviors resemble

the asymptotic behavior of U dgim , and beyond this region
their behaviors change into (1) with respect to D and ~y.

In Fig. 1() and Fig. 1p), the above observations
are demonstrated for a half-duplex example with
s=1. In these Pgures, the normalized upper bound

dimu =Min{U gim /N,1/2}/H on )¢ and )\, is plotted, 400
where gmu follows from normalizing (T4.1) and (T4.3)
by Wax . Fig. 1) suggests increasinig, with N to prevent
the vanishing of gimu asN grows large. The next section 1 2 3 4 5 & 7 8
elaborates on how this should be done. Volume of network domain (m?)

1600

N
>
o
=)

Number of nodes
5
S

9 10

Fig. 2. Qis sphereG=10, =20 [dB] andH=1. The {(,N) pairs, for which

dim,u=0.1 are plotted. As gim,u decreases withlN and increases with

V. IMPLICATIONS ON SCALABILITY Vj, in the regions above the curves, e.g.,V?,N):(2,5,400), a normalized
throughput of 0.1 is not achievable. Corollary 1 provides the asymptotic

g ) ’ . ) 273
In this section, using the power law decaying propagati@favicr of the¥g.N) pairs on the curves; e.g., =2, thenN is - (Vj"").

model, we investigate the required conditions to achieve a
desired throughpufo > 0 as N — oo; i.e., the required
conditions for the existence of an integd% such that for VI. CONCLUSION
all N > No, the throughputy is achievable by all nodes or |y this paper, we studied the capacity of single-user-
on average. Such conditions have been established in [1] fo@ection based arbitrary densional wireless networks with
circular network domain, and here we derive the correspondi@@tropic antennas. We extended the results of [1] by deriving
conditions for the arbitrary dimensional network dom@ln  ypper bounds on the simultaneous transmission capacity and
Hence, the conditions that wetablish here depend on theipe per node end-to-end throughput capacity, which hold for
dimension of the network domain as well. any one, two or three dimensional network domain. Next,
SinceH > 1, (T4.3) implies that one or more of the quantiwe established the corresponding asymptotic upper bounds
ties Wax , D, 7, Of Wmax -G/3 must grow withV, HN must on the simultaneous transmission capacity and the per node
be O(Wmax U dim ), andH must beO(Wnax min{1+G/f3,s}) end-to-end throughput capacity. Moreover, in this arbitrary
due to (T4.1). dimensional setting, we have shown that the main results of
It is pointed out in [1] that in practical systems, arbitrarilff1] hold for a large class of propagation models, in addition
large growth of Whax, 7, or Whax-GI3 with N is not to the specibc propagation model considered in [1]. Finally,
feasible. Also,s cannot grow arbitrarily large due to hardwarave established several required conditions to achieve a desired
limitations. Thus,H must beO(1) (hence, (1), sinceH > 1). per node end-to-end throughput as the number of nodes grows
The only remaining parameter, which can compensate for tlagge. These conditions make it necessary to keep the average
growth in N, is D. Since,U gim is ( D™ {.dm }) when number of hops between a source and a destination bounded
v # dim, and ( DY™ /log(D)) when~ = dim, we obtain and to increase the size of the network domain at certain rates
the following result as a necessary condition for the scalabilithat we determined, which depend on the dimension of the

of practical systems: network domain and on the attenuation in the medium.
Corollary 1: A desired per node end-to-end throughput
Ao > O is not achievable as N — oo, unless: REFERENCES
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