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Abstract: In this paper, we study optimal tradeoffs of achievable
throughput versns consumed power in wireless ad-hoc networks
formed by a collection of multiple antenna nodes. Relying on adap-
tive modulation and/or dynamic channel coding rate allocation
techniques for multiple antenna systems, we examine the maxi-
mization of throughput under power constraints as well as the min-
imization of transmission power under throughput constraints. In
our examination, we also consider the impacts of enforcing qual-
ity of service requirements expressed in the form of channel cod-
ing block loss constraints. In order to properly model temporally
correlated loss observed in fading wireless channels, we propose
the use of finite-state Markev chains. Details of fading statistics of
signal-to-interference-noise ratio, an impertant indicator of trans-
mission quality, are presented. Further, we objectively inspect com-
plexity versus accuracy tradeoff of solving our proposed optimiza-
tion problems at a global as eppose to a local topology level. Our
numerical simulations profile and compare the performance of a
variety of scenarios for a number of sample network topologies.

Index Terms: Fading wireless ad-hoc networks, markov chain,
multiple antenna, power minimization, quality of service (QoS),
Rayleigh channel, Rician channel, throughput maximization.

I. INTRODUCTION

Recent proliferation of wireless devices has greatly facilitated
access and exchange of information. Ad-hoc networks are a spe-
cial class of wireless networks where there is no such fixed in-
frastructure as base stations for allocating channels, controlling
usage, or provisioning of services. Rather, they need to be adap-
tively self-organizing. Any node in an ad-hoc network can trans-
mit, receive, or relay signals, While exploiting the advantages of
wireless ad-hoc networks, designers are facing tremendous chal-
lenges.

Optimal allocation of resources under the power constraint
is critical for providing the desired level of quality of ser-
vice (QoS), efficient utilization of the limited wireless spec-
trum, and longer battery life of the mobile devices. Due to the
openness of transmission media, communication over a wire-
less link is prone to interferences from other links in addition
to noise., While increasing the transmission power of a user
in an ad-hoc network will make the outgoing link more reli-
able, it also shortens battery life and causes interference to other
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users. The observed signal-to-interference-noise ratio (SINR) at
the receiver is introduced to capture the quality of received sig-
nal. Further, considering the mobility of the nodes and fading
effects in an ad-hoc network, links are subject to the Doppler
spread and temporally correlated loss. The 2-state Gilbert-Elliott
model [1], {2] and its extensions [3]-{5] have been widely used
as Markov chain modeling tools of fading channels.

Multiple antenna systems substantially reduce the effect of
multipath fading in the wireless channels through antenna diver-
sity. Transmit antenna diversity in the form of space-time block
codes (STBCs) of [6] and [7] has been adopted in many recent
wireless standards. Receive antenna diversity schemes such as
maximum ratio combining (MRC) are already in widespread
use in communication systems. Since a large percentage of next
generation mobile devices are expected to employ multiple an-
tennas, it is essential to consider the effects of multiple antennas
in the study of wireless systems.

A review of the literature reveals a rich set of articles related
to optimization of wireless spectra as it pertains to power, band-
width, and signal-to-noise ratio (SNR)/signal-to-interference ra-
tio (SIR)/SINR. The references below are perhaps more closely
related to the context of our current discussion. Andersin er
al. [8], Bambos et al. [9], and Ulukus et al. [10] proposed var-
ious iterative methods to maximize the minimum SIR, to mini-
mize total or individual power, or to maximize throughput under
some kind of QoS constraint. Relying on geometric program-
ming, a special case of convex optimization, Chiang et al. [11]
solved a set of resource allocation problems for QoS provision-
ing in wireless ad-hoc networks. Kandukuri et al. [12] solved a
similar problem aimed at minimization of the outage probabil-
ity in cellular networks under Rayleigh fading without QoS con-
straints. Hayajneh et al. [13] proposed a game-theoretic power
control algorithm for wireless channels. Shah et al. [14] and
Ramanathan et al. [15] investigated the issue of power con-
trol in wireless networks with the considerations of network
topology. Mahdavi-Doost et al. [16] considered interference in
a communication system where each receiver only decodes its
own data, They derived the zero-outage SINR region for an
average power constraint and time-varying channel. Matskani
et al. [17] considered a QoS constraint for the joint optimiza-
tion of multiuser downlink beamforming and admission con-
trol. Their goal was to maximize the number of users satistfying
the QoS constraint. They identified convex approximations of
the solution since their optimal solution was non-deterministic
polynomial-time (NP)-hard. Catrein et al. [18] studied the in-
terference structure of multi-cell, multiuser code division mul-
tiple access (CDMA) systems and proposed admission control
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algorithms based on SINR. Chiang et al. [19] formulated power
control problems as nonlinear optimization problems, showed
that at high SIR such problems turn into geometric program-
ming problems, and provided efficient global solutions for such
problems. Zheng et al. [20] considered a single-input multiple-
output multiuser system in which they minimized the transmit
power of users under SINR constraints to find the optimal power
control and receive beamforming vectors jointly.

Compared to the literature work cited above, this paper takes
a different approach in trading off power-throughput under QoS
constraints. To that end, the main contribution of our work is
in the following areas. First, we model temporally correlated
loss behavior of multiple antenna wireless fading channels by
finite state Markov chains. Next, relying on our modeling re-
sults along with expressions of symbol error rates and dynamic
achievable throughputs, we formulate and efficiently solve a pair
of constrained resource allocation problems in a coherent frame-
work for wireless ad-hoc networks.

The rest of this paper is organized as follows. In Section I, we
assess the underlying system model. Our assessment includes
an analysis of SINR, a treatment of the temporally correlated
loss modeling, an evaluation of the expressions for symbol er-
ror rates, the use of Reed-Solomon channel coding technique,
and the achievable dynamic throughput. In Section III, we for-
mulate and solve a pair of resource allocation problems. While
the first problem maximizes the overall system throughput sub-
ject to power and loss constraints, the second problem mini-
mizes transmission power subject to throughput and loss con-
straints. Section IV provides validation results of our analy-
sis. Finally, Section V concludes the paper.

II. SYSTEM MODEL ASSESSMENT
A. Analysis of Received Signal-to-Interference-Noise Ratio

Consider n wireless links, £4, - - -, £,, on which transmission
powers are Py, - - -, P,,, respectively. Each link may be connect-
ing multiple antenna nodes. Suppose, the per symbol transmis-
sion power P; is equally distributed among A{; transmit anten-
nas of link j. The number of receive antennas for link j is as-
sumed to be N;. The nonnegative number G;(t) represents the
path gain in the absence of fading from the transmitter of link
J to the receiver of link i at time ¢. Gy;(t) captures such factors
as path loss, shadowing, antenna gain, and so on. We denote
Fi(;"’n) (t) as the fading factor between transmitting antenna m
of link 7 and receiving antenna n of link ¢ and assume that the
paths between different pairs of transmit and receive antennas
are independent. Then, the instantaneous SINR at time ¢ for link
i defined as the ratio of the desired received power at the re-
ceiver of link ¢ over the interfering signals from all other links
plus noise, specifies the quality of the received signal as defined
below.
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We note that (1) considers the fact that the power of white Gaus-
sian noise signal n;(¢) on link 7 is multiplied by N; receiving
paths. Considering the magnitudes of the base and interference
signals and the sources of the signals, we note that the fading
factors between a transmitter and a receiver on different links
are identically and independently distributed (i.i.d.). However,
this assumption is not necessarily true when the transmitter and
receiver belong to the same link. Generally speaking, the latter
represents a temporally correlated channel in which the correla-
tion between F;;(t) and Fj;(t + At), where At is a given time
shift, cannot be ignored. In order to capture temporal correla-
tion of the wireless channel, we make few realistic assumptions
as follows. First, we assume that the fading factors in interfer-
ing signals F;;’s where 1 # j, are i.i.d. We note that the latter
assumption does not lead to a loss of generality as it may be
relaxed relying on a similar discussion to the one furnished for
the fading components Fj;. Second, F};’s have unit means so
long as G;;’s are appropriately scaled to reflect variations from
this assumption. Third, the noise n;(t) has a mean of n;. Fourth,
when the wireless channel varies slowly with respect to symbol
interval, P;(t) and G;(t) can be viewed as constants and Fj; (t)
as a random variable within the symbol interval. Based on the
above assumptions, we treat the average SINR for link ¢ as a
random variable in the form of

ZW, N;
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g;éz J m=1ln=1
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where E[-] represents the expectation operator. We also note that
F;gm") in the second line of the equation above represents a
random variable but the rest of the terms are constants. Given
the probability density function (pdf) of the random variables
P}(im’”) and under the assumption of spatial independence, the
distribution of SIN R; can be specified by deriving the convo-
lution of the pdf of F\™™ [21]. Hence, it suffices to exam-

ine the distribution of F(m ™ in order to obtain fading statis-
tics of SINR;. We start our discussion from the case of a
link with single-transmit and single-receive antenna nodes, i.e.,

Fii = Ful 1) and M; N; = 1. We refer to such case as a
1 x 1 link case. We rely on the Rice model with fading factor @
and Rice factor  to relate the output of a wireless noisy channel
to its input. Albeit the fact that the Rice model describes a line-
of-sight (L.oS) wireless channel, setting x = 0 reduces it to the
Rayleigh model describing a rich scattering wireless channel.

For a network formed by a collection of LoS links, r;, ==
|cvi ¢ | representing the envelope of the fading signal of link 4 has
a marginal Rician pdf [22] in the form of

2
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xIo (mt,/ Ml - ’“)> 720 3)
where S =F (rf .)/2, k is the Rice factor defined as the ratio of
the dominant signal power component over the scattered power
component, and I is the zero-order modified Bessel function of
. . 21 .
the first kind given by In(z) = 3. jo 2—212(7)7 with z > 0. In
order to properly characterize the temporally correlated loss be-
havior of the channel, we also need the associated bivariate joint
pdf given below [23].
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In the equation above, ¢ and ¢’ are the time indices and 7 ; =
|a;¢| and 73 = |oyy| represent correlated Rician random
variables. The random variables o; ¢ and o; ¢ are then nonzero-
mean correlated complex Gaussian with  representing the real
correlation coefficient defined as

 E((egy — Eoj )i — E(aid)))

~ VE(oir — Blai)P)VE (s — E(eq, )

where 8 = E(r},)/2 = E(r} /) /2 and 6 = Jo(27 frm7) with Jo
representing the zero-order Bessel function of the first kind de-
fined as Jo(z) = > 10y %—;51—2;1); with z > 0. Finally, f,, and 7
represent maximum frequency shift resulting from the Doppler
effect and symbol duration, respectively. Considering the fact
that F; is defined as Fj; = r? = [ai|2, we are interested in the
distribution of |a,-|2. Utilizing (3), (4), and the Jacobian tech-

nique [21], we conclude that Fj; has a marginal and a bivariate
joint pdf as shown in (5) and (6), respectively.
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We also note that an alternative way of identifying the bivariate
joint pdf of E3; is proposed in [24]. Further, correlation coeffi-
cients of Rician envelope and power distributions are calculated
in [25].

Next, we apply our formulation to the case of a 1 x 2
link. Given the joint pdf of p(Fj; ¢, Fyi ) in the 1 x 1 case, we
F.(.IZ) FA(H)

can specify the joint pdf of p(F; ;”, Fj;7/) in the 1 x 2 case as

follows. We consider fading factors Fl‘jf ) and Fi(ilf,) over link ¢
at time instances ¢ and ¢/, respectively. Each fadiﬁg factor con-
sists of two components namely from the transmitter of the link
to the first receiver of the link and from the transmitter of the

link to the second receiver of the link. Hence, we have

o - e
Fii Faio® + Fau

Under the assumption that there is no spatial correlation between
any path pair, we note

1,1 1,2 1,1 1,2
= I’(Fii,t’ Ey )p(Fii,i s Fig v )-

Each term of the right hand side of (7) can be calculated from

(6). Next, we apply the Jacobian technique [21] to specify the
joint pdf p(F?, F{'2)). We know that
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Therefore, the joint pdf p(
the 2-way integral
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Similarly, the cases of 2 x 1 and 2 x 2 links can be inves-
tigated. While in the former case the counter part of (9) will
consist of a 2-way integral, in the latter case it will consist of a
4-way integral.
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Fig. 1. An illustration of finite interval partitioning of an arbitrary pdf.

B. Markov Chain Channel Modeling

Having specified the probability density functions, we can
now focus on capturing temporally correlated loss of the fad-
ing channel. We propose partitioning and modeling such analog
channel with a digital Markov chain. A review of the literature
reveals that there are numerous articles on partitioning the re-
ceived SNR, SIR, or SINR. References [4] and [5] are of special
interest to us among those articles. In our work, we apply the
fundamental idea of partitioning to the pdf of Fj; in order to
model the fading channel with a finite-state Markov chain. We
note that in its general form, Fj; may represent the pdf of an
M; x N; link. While the discussion below is appliedtoa 1 x 1
case, its extension to other antenna configurations is straight for-
ward. As illustrated by Fig. 1, suppose that the pdf of Fy; is par-
titioned into S’ + 1 finite threshold values {&, - -+, &5} starting
at zero and ending at . = is a large real number satisfying

| ptEar =15 (10)
0

where §, e.g. 1075, indicates the probability of not representing
a value of the pdf of F;; by any state. Given the threshold values,
{&o,- -+ €s}, one can find F}; s, the representative value of the
conditional pdf of F}; in state s, as

&s
F=/ Fip(Fa)dFy, s=1,--5.  (11)
81

We discuss how to calculate the threshold values at the end of
this section. Using (11), the corresponding representative values
of SINR;’s in the 1 x 1 case are given by

Gy P Fi s

Z Gijpj + N;n; ’
J#i

SINR;, =

s=1,-5 (12

The temporal dynamics of the Markov chain are determined by a
matrix of one-step-transition probabilities IT = [rs,]sx 5. Since
we are working with slow-fading channels, it is reasonable to
consider only transitions between neighboring states or staying
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in the same state [4]. According to Bayes theorem, the probabil-
ity of currently being in state r given having previously been in
state s can be computed as!

&r €s
/ / P(Fiit, Fiip) dFiedFyp
~ST — r—1 s—1 55
J..
wherer € {s,s+1}andforl1 <r,s <S.

Due to the finite value of the error introduced by the model
and the transitioning assumption, we must modify the transition
matrix such that each row adds up to one. This can be done by
uniformly scaling each row by its sum as 75, = s/ ZSS=1 Tgr.

To complete the discussion of this section, we need to iden-
tify the partitioning thresholds {g, - - -, €5 }. In what follows, we
provide two alternatives of specifying the thresholds. In the first
alternative, the partitioning thresholds can be set from the ob-
served average natural burst lengths of a wireless channel us-
ing the proposal of [26]. In [26], the authors consider a 2-state
Markov chain in which s = 1 and s = 2 represent a good and
a bad channel state quality, respectively. The observed average
burst length of receiving BL; symbols correctly is mapped to
the transition probability 713 as BL; = 1/#15. Similarly, the
observed average burst length of losing BLy symbols is mapped
to the transition probability o1 as BLy = 1/7#2;. Once the tran-
sitioning probabilities are identified, the set of threshold values
are numerically set using (13) such that they match the transi-
tion probabilitics. We also note that the measurement of burst
lengths can be extended to a larger number of states.

In the second alternative to which we refer as the ~y-scaled

partitioning approach, the set of thresholds {1, - - -, £} are set
such that

(13)

p(Fy) dFy

& 1-4
/ p(Fi) dFy = <5
4

s—1

S=1,"',S, €0=07
S
Y =5
i=1

Comparing the two alternatives, we mention that the first al-
ternative is a more realistic representation of the wireless chan-
nel, compare to the second alternative, at a higher complexity
cost,

At the end of this subsection, we note that the above dis-
cussion is valid for fading scenarios in which channel coeffi-
cients change from a symbol to the next symbol. However, many
coding scenarios work with a quasi-static fading assumption in
which channel coefficients change from a block to the next block
but remain the same in a block duration. This is practically justi-
fied because channel estimation is only available on a per block
basis due to the use of one set of pilot symbols per block. In a
quasi-static fading case, a similar approach can be used to iden-
tify the parameters of a Markov chain associated with the blocks

£S=E7

(14)

1 Note that depending on the antenna configurations, calculating the numerator
of (13) may result in a higher dimension integral. For example, it results in
calculating 2-way, 4-way, 4-way, and 8-way integrals in the cases of 1 x 1,
1x 2,2 x1,and 2 x 2 antenna configurations, respectively.
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as oppose to symbols. We refer the interested reader to [27]
where a similar discussion is carried out to go from a Markov
chain at the bit level to a Markov chain at the symbol level.

C. Calculation of Symbol Error Rate for Multiple Antenna Sys-
tems

In this section, we calculate the symbol error rate of a
multiple-input multiple-output (MIMO) link under the assump-
tion of facing a LoS fading Rician channel and utilizing L-phase
shift keying (PSK) modulation. We also note that our approach
can be applied to other modulation schemes such as quadrature
amplitude modulation (QAM).

First, we introduce the symbol error rate of a Rician fad-
ing link associated with single-transmit and N-receive antenna
nodes using MRC. Starting from (9.15) of [28], the symbol error
rate of a single-transmit N-receive antenna system using MRC
can be calculated as

(L-V)=/L . 2
SER::E] —__.'(21‘{’"‘&)811'1(;3 s
7 Jo SINRsin*(T) + (1 + ) sin® ¢)
i N
#STN Rsin? (f)
xexp| — L de. (15)

SINRSin2(%)+(1 + ksin® ¢)

While there is no closed-form solution to the integral above, its
value can be numerically evaluated. We note that the integral
is reduced to the case of Rayleigh fading for non-line-of-sight
(NLoS) fading environments with x = 0 for which the closed-
form solution below is available.

9
\/1+0{(2+tan””1£}
( ) TR = +sin(t tan™" §)

- [cos(tan™" €)]2U79F1} (16)

L—-l 1
L
-1

SER =

‘ﬂ'

where § = SINRsin®(), £ = (/iZ5cot §, and oy =
()

Cy=0)RG-0+11"
symbol error rate of a link associated with single-transmit
single-receive antenna nodes as well as a link associated with
single-transmit double-receive antenna nodes by setting IV to 1
and 2, respectively. As discussed in Section 4.9 of {29], the sym-
bol error rate of orthogonal STBCs can be calculated from (15)
by proper mapping of the values of SINR. For example, the
symbol error rate of a 2 X 1 Rician link can be calculated by
setting N to 2 in (15) and using appropriate SIN R from the
counter part of (12) in the case of 2 x 1 antenna configuration.

From (15) or (17), one can calculate the

D. Compensation of Temporally Correlated Loss

In order to compensate for the loss effects of the wireless
channel, we propose the use of reed-solomon (RS) channel
coders. An RS channel coder RS(b, k) converts k symbols into
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Fig. 3. An illustration of the 3-state Markov chain model.

a b-symbol block? by appending (b — k) parity symbols Sucha
channel coder is able to correct as many as tc = | 2% | symbol
errors in a block. In the calculation of the block-loss probabil-
ity, we consider using a 2-state Markov chain model depicted in
Fig. 2, and a 3-state Markov chain model shown in Fig. 3. Intu-
itively, the 3-state model is more accurate than its 2-state coun-
terpart, at the cost of higher computational complexity. Equa-
tions (5), (6), (11), (13), and (14) have given the details of deriv-
ing transition probabilities 7,,’s from marginal and joint proba-
bility density functions.

Let (b, k, s) denote the probability of receiving exactly k
symbols from b symbols and winding up in state s. The proba-
bility of receiving exactly £ symbols from a b-symbol block is
given by

s
(b, k) = (b, k,s). (17)

s=1

If a user receives at least b — {¢ symbols correctly from b
transmitted symbols, the whole block is recoverable. Hence, the
block-loss probability is expressed as

b

Y=1- }:

k=b—tc

@(b, k). (18)

Next, we apply the block loss probability results to the 2-state
and 3-state Markov chains. First, we consider using a 2-state

21t is important to differentiate between an STBC coding block with an RS
channel coding block mentioned in this section.
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Markov chain model. We assume (b, k, 1) and ¢(b, k, 2) indi-
cate the probabilities of receiving exactly k symbols from b sym-
bols and winding up in state 1 and state 2, respectively. Thus,
@(b k) = @(b, k,1) + (b, k, 2). (19)
In accordance with the underlying Markov chain model,

(b, k,1) and ¢(b, k,2) can be computed recursively. The ex-
pressions are given below.

o(b,k,1) = SER;[m19(b—1,k, 1)+ m210(b — 1, k,2)]
+ (1 - SERy)[m1e(b—1,k—1,1)
+ map(b— 1,k —1,2)] (20)
and
@(b,k,2) = SERs[map(b—1,k,1) + maap(b —1,k,2)]

+ (1 - SERQ)[?le(p(b - 1, k — 1, 1)

+7l'22§0(b—1,k— 1,2)] 20

forb > k > 0, SER, denoting the symbol error rate in state s,
and the initial conditions

QO(O, 07 1) = ‘P(OaO, 2) = 5;
¢(1,0,1) = SERy[m11(0,0,1) + m219(0,0,2)],
©(1,0,2) = SERy[m2¢(0,0,1) + m22¢(0, 0, 2)],
v(1,1,1) = (1 — SER:)[m11¢(0,0,1) 4+ m21¢(0,0,2)],
©(1,1,2) = (1= SER)[m12¢(0,0,1) 4+ m22¢(0,0,2)].
(22)
Similarly, if a 3-state Markov chain model is used, we have
(b, k) = (b, k, 1) + @(b, k,2) + (b, k,3)  (23)
where
(p(b, k, 1) = SERl[ﬂ'll(p(b -1, k, 1) + 7T21(p(b -1, k, 2)]
+ (1 - SERl)[ﬂ'll(p(b -1,k—-1, 1)
+7T21()0(b_ lak_ 172)]7 (24)
(p(b, k,2) = SERz[ﬂ'ngD(b -1k, 1) + 7T22(p(b —1,k,2)
+ 7T32(p(b — 1, k, 3)]
+ (1 - SERQ)[TﬁQ(p(b -1, k— 1, 1)
+ m2p(b— 1,k — 1,2)
=+ 77-3230(5 - 11 k7 3)]; (25)
and
(b, k,3) = SERs[mazp(b—1,k,2) + ms3p(b — 1,k,3)]

+ (1 — SERg)[W23<,0(b - 1, k- 1, 2)

+maz(b— 1,k —1,3)] (26)
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for b > k > 0 and the initial conditions

P(0,0,1) = 9(0,0,2) = 9(0,0,3) = 3,
©(1,0,1) = SER; [m114(0,0,1) -+ m21¢(0, 0, 2)],
©(1,0,2) = SERz[m2¢(0,0,1) + m22(0,0,2)

+ p32P(0,0,3)],
©(1,0,3) = SERs3[ma30(0,0,2) + m330(0,0,3)],  (27)
¢(1,1,1) = (1= SER;)[m11¢(0,0,1) + m214(0,0,2)],
©(1,1,2) = (1= SER;)[m2¢(0,0,1) + m22¢(0,0,2)

+ 7r32<p(0, 0, 3)],
¢(1,1,3) = (1 - SER;3)[m3¢(0,0,2) + m33¢(0,0, 3)].

E. Achievable Adaptive Throughput

In this section, we describe the expression for the achievable
adaptive throughput. In the adaptive throughput expression, the
value of per link throughput R; is expressed as

s )
I
R; = Z; weR;s = € —Tl’ 2:1015 logy Ls,s (28)

where 1/T" is the baseband bandwidth, € is the scaling factor
of the transmission energy to the bandwidth, r;, = k;/b is the
channel coding rate in RS(b, k;), and w; the set of steady state
probabilities of being in state s can be calculated from the tran-
sition probabilities of a given Markov chain. For example, for
S = 2, we have

_ T21
w = —-"
T2 + 721

12
Wy = —————,
12 + 721

We note that the use of (28) can translate to the use of adaptive
modulation if the values of L; s are to be chosen dynamically,
adaptive channel coding rates if the values of r; are to be chosen
dynamically, or both adaptive modulation and adaptive channel
coding rates.

At the end of this section, a discussion of channel state infor-
mation (CSI) is in order. We assume that the CSI is unknown at a
transmitting node. Therefore, the set of per link per state param-
eters L; ; are reduced to a set of per link parameters L;. We note
that for the case of a known CSI, more effective transmission
techniques such as beamforming can be employed. The discus-
sion of such techniques is outside the scope of this paper.

III. RESOURCE ALLOCATION PROBLEMS

In this section, we formulate our problem and provide a so-
lution to it. From the perspective of a system, we seek to maxi-
mize the overall system throughput under the constraints related
to per link block-loss probabilities, minimum link throughput,
and powers. In addition, we also seek to minimize the power of
transmission under the constraints related to throughputs, mini-
mum link throughputs, and per link block-loss probabilities. For
clarity of discussion, we assume the use of adaptive modulation
and fixed channel coding. We note that the discussion of prob-
lem formulations and solutions below can also be applied to a
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case in which fixed modulation and adaptive channel coding are
used by replacing all of the variables L; with r;. Further, they
can be easily extended to a case in which adaptive modulation
and adaptive channel coding are jointly used. In such a case, all
of the expressions including variables L; are extended to addi-
tionally include variables r;.

The throughput maximization problem appears in the follow-
ing form.

max Rioal = Z R; 29
Subjectto:  W; < Wi, Vi€ {l,--,n}, (30)
1%:7 zRé,!b: Vi€ {17"'7??’}7
PiSPi,’u,bv Vie {1,,?1}

We note that in the formulation above, F;’s and L;’s are the de-
cision variables. Further, we note that the SER parameters of
the Markov chain discussion of Section II-D appear in the form
of a set of per link parameters. It is also important to note that
the constrained maximization problem formulated above is con-
verted to a constrained power minimization problem by defining
a second objective function in the form of Pota) = ZZ:] P; and
applying a similar set of constraints. The power minimization
problem is then expressed as

min P = ZP 31)
Subject to: U, <, Vie{l,--4n}, (32)
> Ri > Ry,
i=1
P < P, Vi€ {l,--n}.

Equations (2), (15), (17), and (28) show that the throughputs
R; are related with per link constellation sizes L;. Therefore, the
objective function (29) is to be optimized over all feasible pow-
ers and constellation sizes. The first set of constraints in (30)
and (32) represent the maximum allowable block-loss probabil-
ity on each link. The second set of constraints in (30) and (32)
are enforced to assure each link or the collection of links receive
a minimum guaranteed throughput. Same as the objective func-
tion, this set is related to L;’s. We note that the latter constraint
set may be relaxed if there is no minimum guaranteed through-
put. The last set of constraints in (30) and (32) indicate regula-
tory or system limitations on transmission powers. As shown by
(15) (or (17)) through (27), ¥,’s are essentially functions of per
link SER;’s, hence of P;’s as well as L;’s.

Next, we provide a discussion of solving the optimization
problem formulated by (29) along with the constraint sets
(30). We note that the solution to the optimization problem for-
mulated by (31) along with the constraint sets (32) is derived
similarly. Relying on the Lagrangian theory, we convert the
problem in its standard form to an optimization problem without
constraints. We define the Lagrangian function of the original
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problem as

lI!i - \qui,ub)

- Z”:R, + i Ai(
i=1 i=1
§ n
+ >3 " pi(—Ri+ Riw)

s=1 i=1
+ZU,(P

where the parameters A;, p;, and v; are the Lagrange multipliers
in the Lagrangian Equation (33). The unconstrained minimiza-
tion problem is defined as

Py ub) (33)

‘yé514b)

+ Z Zm(wl‘{@ -+ Ri,g(,)

g=1 i=1

+ Y vi(Pi = Pia)}. (34)
1=1

Conditions of optimality: Constraint qualifications
We now investigate the existence of necessary and sufficient op-
timality conditions also known as constraint qualifications. For
our unconstrained minimization problem of (34), the constraint
qualifications are expressed in terms of Lagrange multiplier the-
ory [30]. They revolve around conditions under which Lagrange
multiplier vectors satisfying the following conditions are guar-
anteed to exist for a local opnmum Q* {P;*, Lt} that satisfies
VA(Q2") = 0 where VA = [24., 2 vl

Although the first set of constraints in (30) cannot be ex-
pressed in closed-forms, we are able to solve the problem by
deploying sequential quadratic programming (SQP) and line
search techniques. In SQP, necessary conditions for optimality
are represented by the karush-kuhn-tucker (KKT) conditions de-
scribed as the collection of VA(2*) = 0 and the following re-
lationships.

Az*(\I]z* _
v (BT —

Pz( R +R”b)—0 Vi,
/\1 7plsVl >0 VZ

iup) =0,
l)i,ub) = Oa

(35)
where A\;*, p;*, and v;* are Lagrange multipliers at the local op-
timum. Positive multipliers indicate active constraints. A variant
of the quasi-Newton method can then be used to iteratively find
the solution to the optimization problem [31]. This is equivalent
to solving a quadratic estimation of the problem in every itera-
tion.

At the end of this section, we present an analysis of the com-
putational complexity for the approach described above. The
time complexity of solving VA(Q*) = 0is O(I ¢ log () where
I indicates the number of iterations and ¢ indicates the degree
of the quadratic estimation. For moderate values of [, the com-
plexity results are quite good compared to other recursive opti-
mization approaches such as dynamic programming introducing
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a time complexity in the order of O(¢?).

Finally, we note that the formulations of our problem can be
applied either to an overall topology or on a per node basis with
a sub-topology of links attached to the node. While the former
case represents a centralized problem, the latter case represents a
decentralized problem. In the latter case, the sum of the through-
puts or the powers of the links using a given node as their trans-
mitting node is optimized subject to a set of constraints, Similar
to the objective functions, the set of constraints are only applied
to the links of a given node.

IV. NUMERICAL ANALYSIS

In this section, we present our simulation results. Before pro-
ceeding with the explanation of our numerical results, we note
that we are solving throughput and power optimization prob-
lems in wireless ad-hoc networks accommodating nodes with
both single and double antennas. In the case of a double an-
tenna transmission, we assume that two signals are transmitted
simultaneously from the two transmit antennas at each time slot
using orthogonal STBCs. In the case of double antenna receive,
we assume that MRC is used. In addition, we also assume that
the slow fading wireless channel characterized by a Rician or
Rayleigh distribution is quasi-static and flat implying that the
fading factors are constant over a coding block but vary from
one block to another.

A. Throughput Maximization

In this section, we report sample results of our simulations
utilizing the throughput maximization scheme of the previous
section. The results of the centralized optimization problem are
provided for Rician LoS fading environments. We consider two
cases in which a node is either equipped with one or two anten-
nas. In the case of a double-transmit antenna node, we assume
that two signals are transmitted simultaneously from the two an-
tennas at each time slot using an orthogonal STBC. In addition,
we assume that the fading wireless channel is characterized by a
Rician distribution with parameters x = 0.125 and 5 = 4.5. We,
further, assume the CSI is unknown at transmitting nodes but
known at receiving nodes. While outside the scope of this paper,
we note that the use of beamforming techniques may result in a
significant performance enhancement in case the CSI is known
at the transmitting nodes.

We apply our results to an ad-hoc network topology illus-
trated in Fig. 4. The network parameters are chosen such that
the network simulates the communication of four nodes lever-
aging LoS communication paths. The network consists of nodes
A, B,C, and D, along with 4 links £; through £4. Each node is
able to transmit and/or a receive on multiple links given it cannot
transmit and receive at the same time. In the case of simultane-
ously transmitting on multiple links, the transmission power is
split on the outgoing links equally.

Originally, nodes A and D are separated by a distance of 320
km, and so are B and C. We allow node A to move across the
horizontal axis both toward and away from node D. The position
of node A from a reference point is indicated by x. We select the
reference point to be the middle of the diagonal line connecting
nodes B and C'. Hence, the original position of node A is indi-
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x  160km

Fig. 4. A sample network topology used in the throughput maximization
simulation task.

cated by x = 160 km. We consider four different scenarios:
(1) all of the nodes are single-antenna nodes,
(2) node A has double antennas utilizing orthogonal STBCs
and the rest of the nodes have a single antenna,
(3) node D has double antennas utilizing MRC and the rest of
the nodes have a single antenna, and
(4) node A has double antennas utilizing orthogonal STBCs,
node D has double antennas utilizing MRC, and the rest
of the nodes have a single antenna.
In our simulations, each link has a minimum and a maximum
transmission power of 0.1 W and 4 W, respectively. Further, the
average power of noise is assumed to be 10 pW. We note that
the average power of noise can potentially capture the effects of
signal interference from other active nodes in the vicinity of a
given node and not shown in the topology. However, we assume
the minimal existence of such effects in our simulations. All
nodes are using adaptive RS codes with a block size of 31 and
fixed binary-PSK (BPSK) modulation. The baseband broadband
bandwidth for each link is % = 2 GHz with ¢ = 2.5 x 10™*
and the minimum guaranteed throughput for each link is 128
Kbps. A maximum allowable block-loss probability of 107¢ is
set on each link. With the exception of G5 and G'a4, the gains

for each link are computed as G;; = %7? and Gy; = (-12—- for
‘i1 i

i # j where d;; represents propagation path length from the

transmitter of link j to the receiver of link <. The factor 7 is set

to 0.0128 in our simulations. The gains for G2 and G4 are set

to 0 since we assume a node cannot transmit and receive at the

same time. This gives the following gain matrix G in terms of =

2.56 n n_
( 2% + 1607 0 56 z? +n160 327702
Z+160)2 51200 (71 160)2 3207
( 7 ) n ( 2.56 ) 0 (36)
z?2 +160%  320° 22 + 1602
7 2.56
L (z + 160)? (z +160)> 5I200 |

Working with the 2-state Markov chain fading model in the
case of a 1 x 1 link with average channel symbol burst lengths
of 1600 and 16, we calculate the values of w97 = 0.125 and
mo = 0.00127 for a coding block consisting of two sym-
bols. The latter translates to a threshold vector of [0 1 40]. In
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Fig. 5. Optimal curves of total achievable throughput versus .

Table 1. The range of the optimal values of RS(b, k}) identifying
r¥ = kf /b over different links for different scenarios.

[ Scenario | L1,Ls | L3, Ly |
(| 115/3L, 17/31] | [15/31, 17/31]
@ | [23/31, 25/31] | [19/31, 21/31)
(3) | 123/31, 25/31] | [19/31, 21/31]
“) [20/31,24/31] | [22/31, 26/31]

order to comply with the notion of fairness, we keep the par-
titioning thresholds the same in the case of other antenna con-
figurations. Fig. 5 shows the curves of optimal total throughput
versus z the position of node A for the different antenna scenar-
ios described above. The curves show that the throughputs are
maintained relatively flat in the range of z € [32, 144] km. As =
increases beyond 144 km, the throughput is decreased due to the
loss of signal strength. The striking observation when compar-
ing the results of individual figures is the fact that the optimal
throughput of scenario (1) is consistently lower than that of the
rest. For a given transmission power, we expect to see a higher
throughput when using more antennas. Comparing the through-
put of scenario (2) with that of scenario (3), we observe that
the former introduces a lower optimal throughput due to the fact
that for a fixed ST N R the power efficiency of the former scheme
suffers a 3 dB loss compared to that of the latter scheme for the
same transmission power. Finally, we note that the throughput
of scenario (4) is the best among the four scenarios.

Table 1 illustrates the range of optimal values of RS(b, k})

identifying 7} % over different links for the antenna scenar-
ios described above.

We end this section by commenting on our complexity re-
sults. We have observed that an average of ten and no more than
twelve iterations are required for convergence. Further, we have
observed that utilizing a 3-state Markov chain increases maxi-
mum achievable throughput compared to the case of a 2-state
Markov chain, at the cost of a higher overhead of calculation.
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10m 10m

X

Fig. 8. An illustration of the network topology used in the power opti-
mization simulation task.

B. Power Minimization

In this section, we report sample results of simulations uti-
lizing the power minimization scheme of the previous sec-
tions. The results are provided for Rayleigh rich scattering fad-
ing environments over a sample topology by setting x = 0 in
(15). We again consider two cases in which a node is either
equipped with one or two antennas. In the case of a double-
transmit antenna node, we assume that two signals are transmit-
ted simultaneously from the two antennas at each time slot using
STBCs. In addition, we assume the CSI is unknown at transmit-
ting nodes but known at receiving nodes.

We apply our results to an ad-hoc network topology as illus-
trated in Fig. 6. The network consists of nodes A, B,C, D, E,
and F, along with 8 links £, through Lg. Each link can act both
as a transmitter and a receiver. We also assume that a node can
simultaneously transmit on multiple links by splitting its power
on outgoing links. Originally, the topology is symmetric with
horizontal and vertical line segments of 10 m each. By geome-
try the distance of single hops L3 and Lg is 10v/2 m. Similarly,
the distance of the single hops £ and Lg is 10+/5 m. In our sim-
ulations, we allow node A to move across the horizontal axis x
both toward and away from node F. Again, we indicate the po-
sition of node A from a reference point by z. We select the ref-
erence point to be the middle of vertical line connecting nodes
D and E. Hence, the original position of node A is indicated by
r = 20 m. We consider four different scenarios:

(1) nodes B, C, and F are single antenna nodes while the rest
are double antenna nodes,
(2) nodes B and C are single antenna nodes while the other
nodes are double antenna nodes,
(3) node A has a single antenna and the rest of the nodes have
double antennas, and
(4) all nodes have double antennas.
In our simulations, the lower and upper regulatory power bounds
are set at 0.001 W and 1 W, respectively. The average power
of noise is assumed to be 10 uW. All nodes are using fixed
RS5(31,15) coders and adaptive L-PSK modulation represent-
ing a symbol with log,L; bits per link. The baseband wideband
bandwidth for each link is 1/T° = 100 KHz with ¢ = 2.0666
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and the target aggregate throughput is 2 Mbps. We set a max-
imum allowable block-loss probability of 0.005. In this rich
scattering environment, the gains for each link are computed
as Gy = 1/d; and Gy; = n/dj; for i # j, where d;; repre-
sents propagation path length from the transmitter of link j to
the receiver of link i. The factor 7 is set as 17 = 0.005 in our
simulations.

Just like the previous subsection, the channel is assumed
to introduce average symbol burst lengths of 1600 and 16 in
the case of partitioning a single-transmit single-receive antenna
configuration. The latter numbers correspond to the values of
mgr == 0.125 and myg = 0.00127 for a coding block consist-
ing of two symbols and a threshold vector of [0 1 10]. In order
to comply with the notion of fairness, we keep the partition-
ing thresholds the same in the case of other antenna configura-
tions. In this case, the gain matrix GG is an 8 x 8 matrix. The
gains for G12, Gi7, Go3, G4s, Gas, Gse, G76, and Gga are set
to 0 since a node does not transmit to itself. The gain matrix is
represented in the form of

G = [GLIGR]. €2)

The matrix Gz, appears in the following form

((:zaw)7172~+~100)2 1(;70‘2 ((x—10;72+100)2
(z* +7100)2 1(3702 (z +77100)
(z +n10) %i 2(3702 (z +110)4

(z— 10)7]2+100)2 40no 59702 ((:4:—10)77%100)2
(z® +100)° 5%02 49702 (z* +n100)2
(x 4—7710) 5%02 2(;702 (z +n10)4
(z* +T]100)2 59;)? 4007 (z* +7100)~3
(z* + 100)? 100° (2 +100)2 |

Further, the matrix Gz appears in the following form®
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In this subsection, we compare the results of power optimiza-
tion problem in both centralized and decentralized cases. We
note that in the decentralized case, the power of each node is

3Note that matrix G is represented in the form above merely to adhere to the
two-column paper format.
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Fig. 7. Centralized optimal curves of total power versus x.

individually minimized subject to the constraints only applied
to the links of the node. The total consumed power is then the
sum of per node powers. First, we focus on the centralized
case. Fig. 7 shows the curves of optimal total power versus z the
position of node A utilizing the centralized power optimization
scheme. The figure includes four curves illustrating the optimal
power of scenarios (1) through (4) described above.

The first interesting observation is the fact that all of the
four curves depicted in the figure are in the form of convex
curves. While for small values of z interference from other
nodes increases total consumed power, for large values of x
total consumed power is increased due to the loss of signal
strength. The curves show that total consumed powers are at
their minimum levels when the value of z represents the po-
sition of node A approximately at = 12 m. The main observa-
tion when comparing the results of the figure is the fact that the
transmission power of a node over a link is reduced if the trans-
mitting and receiving nodes are equipped with a larger number
of antennas. As the result, the power consumption of scenarios
(1), (2), (3), and (4) are in the descending order,

Next, we focus on the decentralized case and compare its re-
sults with those of the centralized case. We argue that the decen-
tralized case provides a practical alternative to the centralized
case at the cost of sub-optimality.

Fig. 8 compares the centralized and decentralized curves of
total consumed power versus z the position of node A. The
nodes are associated with scenarios (1) and (2) described
above. As observed from the figure, the results of the decen-
tralized case lead to a lower overall power consumption com-
pared to their centralized counterparts. The results are justified
considering the fact that the SIN R approximations of the de-
centralized scheme only take into consideration the interference
factors from the nodes within one hop. Since the power compo-
nents are calculated only with the consideration of local inter-
ference factors, they introduce actual inferior measured metrics
of QoS. Table 2 illustrates the average measured results of ¥;
of the associated scenarios in the case of centralized and de-
centralized schemes. In the decentralized case, per link through-
put constraints are equal and sum up to an aggregate throughput
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Fig. 8. A comparison of the results of centralized and decentralized
power optimization schemes. The curves indicate total optimal con-
sumed power versus x the position of node A.

Table 2, The table of per link average measured results of ¥, in the
case of centralized (C) and decentralized (D) schemes.

{ [ Lik [, ©)] WD |
{L1,L4} ] 0.0050 | [0.0064,0.0065
Scenario | {£s, L5} | 0.0050 | [0.0052,0.0052
(1) {L3,L6} | 0.0050 | [0.0057,0.0058
{L7,Ls} | 0.0050 | [0.0016,0.0118
| {L1,L4} | 0.0050 | [0.0064,0.0064
Scenario | {£,, L5} | 0.0050 | [0.0051,0.0051
) {L3,L6} | 0.0050 | [0.0056,0.0056
{L7, Ls} | 0.0050 | [0.0096,0.0096

of 2 Mbps. Comparing the results, we observe that while the
throughput constraints are always active, the block loss proba-
bility difference between centralized and decentralized schemes
for scenarios (2) and (5) are in the range of [3.8%,57.6%)] and
(1.9%,47.9%)]. The results reveal that the use of the decentral-
ized scheme leads to (1) lower consumed power, (2) higher
block loss probability, and (3) less complexity compared to the
use of of centralized scheme.

We end this section by commenting on our complexity re-
sults. We have observed that an average of 20 and no more than
30 iterations are required for convergence of the centralized al-
gorithm. The numbers in the case of decentralized algorithm are
3 and 5, respectively. Further, we have observed that utilizing
a 3-state Markov chain lowers the total consumed power com-
pared to the case of a 2-state Markov chain, at the cost of a
higher overhead of calculation.

V. CONCLUSION

In this paper, we examined the problem of resource alloca-
tion in Rician and Rayleigh fading wireless ad-hoc networks
with temporally correlated loss. We considered accommodat-
ing nodes with multiple-transmit multiple-receive antenna sys-
tems. We analyzed fading statistics of SINR, an important metric
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of transmission quality. Relying on exact expressions of symbol
error rates for multiple-transmit multiple-receive antenna sys-
tems and based on the analysis of fading statistics of SINR,
we modeled temporally correlated loss behavior of the fading
wireless channel with finite-state Markov chains. Relying on an
adaptive modulation scheme derived from exact symbol error
rate expressions, we optimized the aggregate throughput and
the overall transmission power subject to loss and other con-
straints. We also numerically presented our results for sample
ad-hoc networks under slow fading assumption.
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