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Abstract—This paper investigates the benefit of adaptive modu-
lation based on channel state information (CSI) in direct-sequence/
code-division multiple-access (DS/CDMA) multihop packet radio
networks. By exploiting varying channel conditions, adaptive mod-
ulation can be used in ad hoc networks to provide upper layers with
higher capacity links over which to relay traffic. Using the a-stable
interference model, the distribution of the signal-to-interference
ratio (SIR) is obtained for a slotted system of randomly, uniformly
distributed nodes using multilevel coherent modulation schemes.
Performance is evaluated in terms of the information efficiency,
which is a new progress-related measure for multihop networks.
Three types of adaptivity are analyzed, differing in the level of CSI
available: 1) full knowledge of the SIR at the receiver; 2) knowl-
edge of only the signal attenuation due to fading; and 3) knowl-
edge of only the slow fading component of the signal attenuation.
The effect of imperfect channel information is also investigated.
Sample results are given for interference-limited networks expe-
riencing fourth-power path loss with distance, Ricean fading, and
lognormal shadowing.

Index Terms—Adaptive modulation, cochannel interference,
code-division multiaccess, packet radio.

1. INTRODUCTION

D HOC packet radio networks are collections of self-

organized autonomous radio terminals that communicate
peer to peer over a dynamic, infrastructure-less topology.
Their decentralized structure favors the use of the shared radio
channel by random access, which, combined with mobility
and multipath fading, can lead to highly dynamic channel
quality. Adaptive transmission has long been considered as
a means to improve communication performance in dynamic
channels. This paper investigates the use of adaptive modula-
tion at the physical layer to increase the efficiency of ad hoc
direct-sequence/code-division multiple-access (DS/CDMA)
networks. In ad hoc networks, multihop relaying permits
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communication between nodes that are not in range of one
another [1]. Therefore, the measure of performance used in this
analysis, and which governs the adaptive modulation function,
accounts for not only the throughput of the link but also the
progress it offers to the packet’s ultimate destination.

Because of the effects of fading and/or shadowing, which
are modeled as random variations in the path loss, some links
are able to reliably carry more information than others, even
among links of comparable distance. Furthermore, in mobile
networks, the capacity of a given link can change over time.
Using knowledge of the instantaneous channel state, adaptive
transmission exploits this variability to improve link efficiency
[2]-[4]. For example, with adaptive modulation, a larger con-
stellation is used on links with favorable channel conditions,
and, conversely, a more robust scheme is used on poorer links.
Alternatively, if the objective is to conserve energy, channel
state information (CSI) could be used to adjust the transmis-
sion power to the minimum level required for a given quality
of service. In [2], both modulation and power were adapted
to maximize spectral efficiency. When power was kept con-
stant and the modulation varied, the loss compared to the dis-
crete rate-continuous power scheme was only 1-2 dB for an un-
coded system. An analysis of adaptive modulation in cellular
systems found similarly that most of the gain in throughput of
a combined adaptive modulation and power scheme could be
achieved with a much simpler adaptive modulation-fixed power
scheme [3].

Much of the previous work on adaptive modulation addresses
two-user or cellular systems. This paper considers the use of
adaptive modulation in the context of ad hoc multihop packet
radio networks. A key differentiating characteristic in these net-
works is the nature of the multiple-access interference (MAI),
which can change rapidly over time. Of interest is not only
the overall potential gain of adaptive modulation, but also the
gain when the adaptation is performed with respect to the more
slowly varying channel attenuation, without knowledge of the
instantaneous interference.

An integral element of this analysis, therefore, is the charac-
terization of the MAI, for which previous work has provided
useful models. In [5], the distribution of the interference power
was derived for slotted DS/CDMA networks of randomly, uni-
formly distributed nodes on a plane (or, equivalently, nodes dis-
tributed according to a Poisson process in two dimensions). In
[6], the distribution of the interference in a Poisson field of in-
terferers was shown to be a-stable, and the result was applied
to the analysis of both DS and frequency-hopping networks for
the case of deterministic ground-wave propagation. An alter-
native proof of the a-stable interference result was given in
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[7], where the model also incorporated stochastic propagation
models and where the performance of various detectors was
evaluated. These models are extended to account for networks in
which multiple two-dimensional (2-D) constellations are used.

A second characteristic that differentiates this study from pre-
vious work on adaptive modulation is the use of a progress-
related performance measure that is of particular relevance to
multihop networks. In [5], [8], and [9], the expected progress
per hop was the performance measure with respect to which
network parameters such as transmission range were optimized.
This measure is a function of the local one-hop throughput and
the progress made by a hop toward the final destination, both of
which impact end-to-end throughput. In [10] and [11], a spectral
efficiency factor was incorporated into the expected progress,
and the new measure (information efficiency) was used to eval-
uate the performance of different code rates. However, none
of this work addressed adaptive techniques. Here, we evaluate
the benefit of adaptive modulation in terms of information effi-
ciency and use it to identify the optimum tradeoff between short,
high-capacity hops and long, high-progress hops in an adaptive
system.

The analysis applies to DS/CDMA networks in which the ob-
jective is to maximize system throughput for a given level of
expended energy per transmission.! Since adaptive modulation
depends on knowledge of the channel state, three varieties of
adaptivity are considered, depending on the level of knowledge
available: knowledge of: 1) both the signal attenuation and in-
terference; 2) of the signal attenuation only; and 3) of only the
slow fading component of the signal attenuation. The impact on
performance of imperfect channel information is considered, as
well.

The remainder of the paper is organized as follows. Section II
describes the system model for the analysis and the perfor-
mance measure. In Section III, the a-stable interference model
is applied to systems using multilevel coherent modulation
schemes. A performance analysis of the adaptive systems is
given in Section IV for interference-limited networks. Lastly,
Section V summarizes the key conclusions.

II. SYSTEM MODEL AND PERFORMANCE MEASURE

As in [5], a system of packet radio network terminals is mod-
eled as a Poisson field of interferers (i.e., randomly, uniformly
distributed in the plane) with an average density of A nodes per
unit area. The system is slotted, and a node transmits a frame
with probability p in any given slot. Transmissions are made
using DS/CDMA, which is modeled with random spreading
and asynchronism at the chip level. The transmitted energy per
symbol is assumed to be fixed and the same for all nodes. Fur-
thermore, the traffic matrix is uniform.

A node’s transmission uses one of several coherent mod-
ulation schemes that differ in spectral efficiency and robust-
ness to interference. A given modulation scheme is used for
the entire frame, and the scheme can be changed from frame to

"'While energy conservation is not the primary objective here, there are some
energy savings associated with increased throughput when the total amount of
information to be transmitted is fixed. The savings come as a result of reducing
the number of (fixed-length) packet transmissions through higher spectral effi-
ciency signaling.

frame depending on link conditions. In practice, the preamble
of the frame can be encoded using the lowest order modulation
scheme, and a field in the preamble can indicate which modula-
tion scheme is used for the payload, as in IEEE 802.11b [12].

The distance between any two nodes is assumed to be greater
than the far-field distance of the antenna. The overall channel
attenuation on a link is a combination of large-scale path loss,
with path-loss exponent m, and a random attenuation C due to
frequency-flat fading and/or shadowing. As a result, the power
received from a node transmitting with power Pr at a distance r
from the receiver is proportional to C Pr/r™. The fading/shad-
owing attenuation C is normalized to have unit mean. Further-
more, it is assumed to be sufficiently slow that it is approxi-
mately constant during a time slot.

Strong forward error correction (FEC) based on parallel con-
catenated convolutional codes (PCCCs) and iterative decoding,
or “turbo” codes, is assumed, for which the probability of error
is a steep function of the signal-to-noise ratio (SNR). Therefore,
the probability of successful transmission of a frame is mod-
eled as the probability that the SNR during the slot exceeds a
threshold

Py =Pr[SNR > pc] =1 — Fy(pc) (1

where F),(-) is the cumulative distribution function of the SNR
and p. is the threshold, or cut-off SNR.2 The cut-off value, in
turn, is a function of the modulation-coding scheme.

In a multihop ad hoc network in which messages are retrans-
mitted by relays on route to the destination, overall throughput
is impacted not only by the throughput of each link, but also
by the distance, or progress, the message makes toward its
final destination on each hop. A greater progress per hop re-
sults in fewer hops (meaning fewer retransmissions) as well
as fewer nodes being occupied by relaying, thereby allowing
them to transmit or receive their own traffic. Furthermore, for
a given transmission energy, link distance and link throughput
tend to be inversely related, which is a key tradeoff in relay
selection. Maximizing system throughput, then, involves opti-
mizing this tradeoff between the number of hops a message
must take and the message throughput per hop. One perfor-
mance measure that captures this tradeoff is the information
efficiency, which is defined as the product of the progress (in
distance) made by the transmission toward the final destina-
tion and the local throughput on the link, where the throughput
incorporates the spectral efficiency of the modulation-coding
scheme [10], [11]. For the described system, the information
efficiency, when normalized by the square root of the node

density, is [11]
N
IE =/ —7(p)ePs 2)
T

where 7(p) = (1 — p)(1 — e™P) is the probability that two
nodes pair up [5], € is the spectral efficiency in b/s/Hz of the
2Frames with errors not corrected by FEC are typically recovered at a higher

layer through retransmission (e.g., using automatic repeat request (ARQ) at the
link layer).



716

modulation-coding scheme, and NV is a dimensionless measure
of hop distance defined as the average number of nodes in a disc
of radius R

N 2 \rR2. 3)

(For a link distance of R, N can be interpreted as the average
number of nodes that are closer to the receiver than the trans-
mitter. It is a measure of the average number of nodes being
“hopped over.”) When multiplied by the channel bandwidth and
divided by the square root of the node density (\/X) the de-nor-
malized information efficiency has units of b-m/s, alternately
referred to as the speed with which a bit travels through the net-
work [10] or the per-user transport capacity [13].

III. INTERFERENCE MODEL

A. Detector Output

For the described system, the received signal at a node during
a symbol period 0 < ¢t < T is

CrEr

—_— t: 0y,
2 lar kst k(t; Ok, Ti)

r(t) ="

k
+ aq ks (t: Ok, k)] + (1) (4)

where the summation is over all transmitting nodes; C and
1 are the fading attenuation and distance of node k from the
receiver, respectively, Ep is proportional to the transmitted
symbol energy, ar j and ag i are the in-phase and quadrature
information-bearing amplitudes of node k (each with unit mean
square value), and n(#) is a white Gaussian noise process with
two-sided power spectral density Ny/2. Signals sy x(t; 0x, i)
and sq x(t; 0k, %) are unit energy-spreading waveforms de-
fined as

2
sre(t; O, ) =4/ T cos(wet + O)

G-1
X Z C[’k’nh(t — Tk — TLTC)

n=0

/2 .
5Q.k(t; Ok, k) = T sin(w.t + 0g)

G-1
X Y cqimhl
n=0

t—Tk—nTc)

where w, is the carrier angular frequency, 6 and 7y are the
phase and delay, respectively, of node k’s signals, relative to
the receiver, {c7 k,»} and {cg x,.} are node k’s in-phase and
quadrature (random) spreading sequences, respectively, and are
assumed to be made up of independent, equiprobable {+1, —1}
chips, T is the chip duration, G = T} /T, is the processing gain,
and h(t) is a pulse of duration 7. seconds and energy T.. Joules.
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Let the 2-D vector U represent the outputs of the in-phase
and quadrature detectors matched to the jth signal, sampled at
time t = T, and given as

U= r(t)sj(t)dt

‘/ Ta; + \/ 'y +N 5)

where Sj(t) = [S[_’j(t; Hj, Tj) SQ’j(t; 0j7 Tj)] and a; =
[arj ag ;] The first term in (5) represents the desired signal
component, N is a zero-mean bivariate Gaussian random vector
with covariance matrix (Ny/2)I representing the contribution
due to thermal noise, and the contribution due to MAI is

Yzm

ki Tk

where

X = VCeR(Aji, 0 (6)

is the contribution due to interferer k. The 2 x 2 matrix
R(Ajx,0jx) in (6) is the cross-correlation matrix of the jth
and kth spreading waveforms, defined as

Ts
é
Aji,Oji) = [ s;(t
0

where Aj, = |1; — 7%|/Te is the normalized relative delay
between the signals of nodes j and k, and 0, = §; — 6, is the
corresponding phase difference. The quantities A, and 6, are
modeled as uniform random variables on the intervals (0,1) and
(0, 2), respectively. The upper-right element of R(A jx, 6;1),
for example, can be expressed as

T,
Riq(Ajk, 051) = /SI,j(t;9j7Tj)5Q,k(t;9k77k)dt
0
= sin ;i [Ho(Ajx)prq(J; K 0)
+ Hi(Ajk)pr(i, k; 1]

where

1 G—1
pro(J, ki) == CI,j,nCQ k,n+1
G n=0
1
Ho(8) = [ HOTIR[ = 3)T] i
A
A
Hi(A) = /h()\Tc)h (A= A+1)T]d (7
0
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are the cross-correlation of nodes j and £’s in-phase and quadra-
ture spreading sequences and the partial cross-correlations of
the chip pulse, respectively. For rectangular chips, H;(A) =
A =1- Hy(A).

B. Interference Distribution

It was shown in [6] and [7] that if: 1) the interferers are dis-
tributed in an infinite plane according to a 2-D Poisson point
process with parameter A, (the average number of interferers
per unit area) and 2) the X, are independent and identically
distributed (i.i.d.) and have a spherically symmetric probability
density function, then the total interference at the detector Y has
a spherically symmetric a-stable distribution with a character-
istic function expressed as

¢y (w) = exp (—oy[lw]|). (®)

The index of stability « and the dispersion parameter oy are
given by

a=—, m>2 )

m )
oy = —TF)\t/ o)
./1:0
0

d (10)

where @¢(||lw||) = Px(w) is the spherically symmetric char-
acteristic function of X. (The subscript k is heretofore dropped
for the i.i.d. Xj.) An equivalent expression for oy~ is [7]

oy = tACLE[|X]] (11)

where

l—a

Ca:{m’ a#l
2

= , a=1.
X represents one component of the spherically symmetric
random vector X, and I'(+) is the gamma function.

The first condition for (8) is met by definition of the system
model, with A; = Ap. Using an analysis similar to that given in
[6], it can be shown that, for the second condition, X is nearly
spherically symmetric provided the processing gain is nonneg-
ligible [14]. In this case, E[| X |*] in (11) is given by [14]

ar 2 a+1 a
B = 2 (S5 B e 2
where
bo =B {[H2(A) + HE(A)] F)
Xa =E [(a% cos? 0 + a2Q sin? 9)%] . (13)

The expectation on the right-hand side of (12) is the «/2-mo-
ment of the channel gain. The factor 6,, is evaluated using the
fact that A is uniformly distributed on (0,1). The factor x,, is
likewise evaluated from the uniform distribution of 8 on (0, 27)
as well as a probability assignment on the modulation schemes
in use.

In evaluating the success probability (1), we require the en-
ergy of the interference during a slot. Now, for any « in the range
allowed by (9) (0 < a < 2), the second moment of a stable
random variable does not exist. However, using the fact that a
symmetric stable random vector is sub-Gaussian with an under-
lying Gaussian vector having i.i.d. zero-mean Gaussian compo-
nents, the a-stable random vector Y can be expressed as the
product

Y=VV -G

where G is a zero-mean Gaussian vector with identity covari-
ance matrix and V' is an «/2-stable random variable totally
skewed to the right and independent of G [15]. The scale pa-
rameter of V' in terms of oy is

AN
oy =2 [ay cos (Tﬂ .

The interpretation of this result for a DS/CDMA system with
random spreading is that, in a given time slot, the MAI is, for
large processing gain, modeled as conditionally Gaussian, con-
ditioned on the distances of the interferers from the receiver,
their relative phases and chip delays, and their fading attenua-
tions during that slot. Once the conditioning is removed (i.e.,
the randomness of these quantities from slot to slot is taken into
account), the distribution of the MAI is no longer Gaussian but
is a-stable, 0 < a < 2. The MAI can be viewed, however,
as Gaussian with the random variance, or interference energy
V', accounting for the randomness of the distances, phases, and
chip delays of the interferers. This analysis of the MAI as con-
ditionally Gaussian with random variance is another form of the
“improved Gaussian approximation” [16].

The density and distribution functions of the «/2-stable
random variable V' can be expressed as convergent series [17,
pp- 89-90], [18, pp. 581-583]. For 0 < @ < 2, they are

= I'(no’ na’
fv(v)Z% Z(—l)"_l—( n!+ ) sin(nma’) (%)
n=1
Fy(v)=1 - % Z(—l)”*lF(Z?‘I) sin(nma’) (g)m (14)
n=1 '

for v > 0, where &' = «/2 and

o' 2
) ) = 20y .

In the case of a fourth-power path loss with distance (m = 4),
the distribution of the interference energy V can be simplified.

1
p = 0y Ccos o (
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Inthis case, « = 1 and V is 1/2-stable with parameter oy = 012,,
corresponding to the Lévy distribution with density and distri-
bution functions

o 3 02
fv(v) = \/;_WU_E exp (—%) ,
Fy(v) =erfc (;%) ,

C. Frequency-Selective Fading

5)

Although the preceding analysis assumed frequency-flat
fading, we show in this section how frequency-selective fading
can be incorporated into the interference model and that its
effect is simply to scale the dispersion parameter.

Modeling the frequency-selective channel from an interferer
as having L distinct components with gains Cy;, phase shifts
Ok1, and delays 7, [ = 1,..., L, then the received signal (4)
becomes

L
E
T Z VCri [ar kst (t; 0k, Thr)

2rn
k=1

r(t) ="

k
+ akasQJc(t; Ori, Tkl)] + n(t)

The contribution due to interferer k [see (6)], in turn, becomes
a sum

L
Xy = Z VCuR(Ajrr, Or1)as
=1

where now Ajkl = |Tj — Tkl|/Tc and ijl = 9]' — gkl-

Following the approach used to obtain (12) and dropping the
subscripts j and k, the absolute a-moment of each component
of X in the case of frequency-selective fading is

2« a+1
T
TG ( 2 )

L
< || S0e [m3a + B
=1

E[IX|*] =

2

X (a? cos? 0, + aé sin? 91) } (16)

which, with (11), gives the dispersion parameter of the interfer-
ence. Note that (12) and (16) are equivalent for L = 1.

We observe, then, that the effect of frequency selectivity on
the interference is simply a scaling of its dispersion. Further-
more, no assumption was made as to the correlation of the mul-
tipath components, so the above result applies both to correlated
as well as uncorrelated scattering. In general, it is the Poisson
distribution of the interferer positions that leads to the a-stable
distribution of the interference and the statistics of the interferer
signal and channel that scale its dispersion.
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Fig. 1. Cumulative distribution function of the interference energy: compar-
ison of analytical and empirical results for different path-loss exponents m and
number of interferers I .

D. Comparison With Simulation Results

The analytical result for the distribution of the interference
energy is compared with simulation results at the center of a
network of K uniformly distributed interferers, where each
interferer signal uses quaternary phase-shift keying (QPSK),
16-quadratic—amplitude modulation (16-QAM), or 64-QAM
modulation with probability assignment {0.5,0.4,0.1}, respec-
tively, rectangular chips, and processing gain G = 11. The
channel is characterized by flat Rayleigh fading and 8-dB
lognormal shadowing. Fig. 1 illustrates the analytical model
and empirical results for three different path-loss exponents.
The model is observed to be quite accurate for m = 4 and
m = 5, while for m = 3 the simulated results deviate from the
predicted somewhat for a network size of K = 100 interferers.
The actual number of interferers in the simulated system im-
pacts the convergence of the predicted and simulated results.
Because the model is based on an idealized infinite network,
the simulated results converge to the model’s predicted result
as the number of interferers in the system increases. The
convergence is slower when the path-loss exponent is smaller,
since the impact of nodes further away is greater. Increasing the
simulated network size to K = 1000 interferers, for example,
narrows the gap between the model and empirical results for
m = 3, as shown in the figure.

The system model assumes that transmissions are slot-syn-
chronous, implying that interference energy is fixed for the
duration of a slot. While slot synchronism can be achieved
among a group of nodes in proximity to one another through
distributed beaconing (as in an IEEE 802.11 ad hoc network, for
example), it is not reasonable to assume that all nodes in a large
network will be slot-synchronous, absent an external clock
source such as GPS. Therefore, some interferers’ transmissions
will start or end during the desired signal transmission, which
is not accounted for in the preceding analysis. We observe,
though, that the distribution of the interference is dominated
by the transmissions of the nearest interferers, which are
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Fig. 2. Empirical cumulative distribution function of the ratio of the max-
imum SINR to minimum SINR during a transmission, for different radii of
synchrounous interferers, path-loss exponent rn = 4, and 100 total interferers.

precisely the transmissions that would be slot-synchronous
with the desired transmission. Though farther interferers are
slot-asynchronous, their impact on the received signal-to-
interference-and-noise ratio (SINR) is diminished. Fig. 2 illus-
trates empirical results for the cumulative distribution of the
ratio of the maximum symbol SINR to minimum symbol SINR
during a 1500-symbol transmission based on simulations of
100 QPSK interferers, of which the nearest Ngynch interferers,
on average, are slot-synchronous with the transmitter and the
remaining interferers are asynchronous, with transmissions
starting or ending at times uniformly distributed in the slot. The
average SNR (in the absence of interference and fading) was set
to 10 dB. For Ngynch > 3, the median maximum-to-minimum
ratio of SINR during a slot is less than 0.5 dB. For Ngynch = 7,
the SINR deviates by no more than 1 dB 90% of the time. Thus,
it appears that the interference model can be useful even when
only limited, localized slot synchronization is available.

The analysis above implicitly assumes that the channel gains
Cy, of the interferers’ signals are independent (to satisfy the re-
quirement that the X s be independent). While this is a good
assumption for small-scale fading, the shadowing on two dif-
ferent links to the same receiver can be correlated when the
angle-of-arrival difference (AAD) between them is small. In
previous related work [7], [9], shadowing on different interferer
links was assumed to be independent. We tested this assumption
through simulation using the AAD/distance-dependent cross-
correlated shadowing models proposed in [19] and found the
interference model above to provide a good approximation for
a mixture of independent Rayleigh fading and lightly corre-
lated lognormal shadowing (e.g., model “1.0/0.0 R6” in [19])
or when the standard deviation (in decibels) of the shadowing
is small. In general, the effect of correlation in the shadowing
is to slightly shift the distribution of the interference energy to
lower values. Thus, performance results based on the interfer-
ence model above are slightly pessimistic for environments with
cross-correlated shadowing.

IV. PERFORMANCE ANALYSIS

In this section, the distribution of the SINR is obtained using
the result for the distribution of the interference energy in Sec-
tion III. The information efficiency for a nonadaptive interfer-
ence-limited system is then evaluated and compared with that
of various adaptive systems.

A. Distribution of the SINR

For a transmitter-receiver separation R, the SINR of a channel
symbol at the output of the detector is a function of the random
signal gain due to fading/shadowing C and the random interfer-
ence energy V as follows:

CEr
R™

T No+ E;V°

I

In terms of (14), the conditional distribution of the SINR (con-
ditioned on C) is

Fue('|y)
_ _Y _ No / YEy
_ 1 FV (Rm#/ E;) } 0 < 14 < R'm]l\fo (17)
1, w>

and the unconditional distribution of the SINR is obtained by
averaging over the fading attenuation

F (i) = / Fc( W) fe() . (18)
0

While the distribution of the SINR can be obtained for any
path-loss exponent . > 2 using (14), (17), and (18), for ease
of presentation, results are given below for the special case of
m = 4, which is often used to approximately model the path
loss in terrestrial mobile communications.3 In this case, using
(15) in (17), the conditional distribution of the SINR is

orf | ——2x | 0< < 2B

/ ’ RAN,

Fue(W'ly) = 2( s —22) 0
1; w > I;{FJ\ITO

For an interference-limited system (i.e., No/E7 — 0) that is
designed for maximum spectral efficiency, the conditional dis-
tribution of the SIR simplifies further to

pNp [

/
F;L|C(l$/|’y):erf UyRQ, ® — erf

, 19
2y us 2y (19)

for p/ > 0, where (3) was used in the second equality and
A
ﬂ = O'Y//\t.

3In shadowed urban cellular radio environments, typical path-loss exponents
range from 3 to 5 [20].
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The distribution of the unconditional SIR can be obtained in
closed form when the channel gain C is due to Rayleigh fading.
In this case, for unit average channel gain, f¢(v) = e~ 7. Eval-
uating (18) with (19) using [21, eq. (6.284)] yields

(20)

Fu(p') =1—exp (—@ﬁ?’)

where in the Rayleigh fading case E[v/C] = /7 /2 and therefore
B = (x*/2V2G)61x1.

In other cases, (18) is evaluated numerically with the appro-
priate density fc(y) and mean envelope E[v/C] for 3 in (19).
For example, for Ricean fading with unit average energy gain
and Rice factor K (which is the ratio of specular power to scat-
tered power), the density of the squared envelope and the mean
envelope are

fe(v) =(K +1)exp[-K — (K +1)7]
x I (2 K(K+1)7)7 N >0

1 3
E[VC] = 5’/1(1 le_Klpl <§, 1;K>

where Iy(x) is the zeroth-order modified Bessel function of the
firstkind, and 1 F (a, b; x) is the confluent hypergeometric func-
tion.

In the case of lognormal shadowing with unit average energy
gain, the density and mean amplitude are

1 1 <02 o )2 0
exp|[—=— [ —+In ,
~o/ 2T P 202 \ 2 g g

where the lognormal standard deviation in decibels is
oap = 100 log;, e. Assuming that the small-scale fading and
larger scale shadowing are independent, their combination can
be treated by expressing the overall attenuation as the product
of the two components [22] C = C¢C,, and (18) becomes a
double integral evaluated with fe (v¢vs) = fe, (ve) fe. (7s)-

B. Nonadaptive Systems

Substituting (1) into (2), the information efficiency for non-
adaptive systems is

IE = \/gT(p)e (1 — Fu(pe)]

where i is the appropriate cut-off SNR. In order to evaluate the
information efficiency for various modulation schemes, we first
need to determine the cut-off SNR values p. assuming some
coding scheme.

For the coding scheme, binary turbo-coded modulation is
employed, where the information bits are encoded with a binary
PCCC and mapped to a constellation symbol. At the receiver,
prior to decoding, soft likelihood values are computed per

21
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Fig. 3. FER versus SNR, rate-1/3 PCCC with (15, 13)s RSC constituent en-
coder, 16 iterations, and 1500 channel symbols/frame.

TABLE I
CUT-OFF SNRS, ¢4, AND NORMALIZED CHANNEL GAIN THRESHOLDS,
74 = 7-.a/(BNp)?, BY MODULATION SCHEME

q | Modulation | kg Iy Capacity VZ, a W’(*], q
Scheme (dB) (dB)

1 QPSK 2 —1.1 —2.3 0 0.1422

2 8-PSK 3 1.7 0.1 [ 0.1422 | 0.2095

3 16-QAM 4 3.5 1.9 | 0.2095 | 0.6058

4 64-QAM 6 7.0 5.0 | 0.6058 | 1.8729

5 | 256-QAM 8 10.2 7.7 | 1.8729 0

coded bit from the received channel symbols assuming knowl-
edge of the SNR.4 Encoding is based on a rate-1/3 PCCC with
recursive systematic convolutional (RSC) constituent encoders
having feedback and feed-forward generator polynomials of
(15,13)s, respectively. The decoder utilizes the log-MAP
algorithm for soft-input/soft-output iterative decoding.
Simulations were performed using this code in combination
with the following coherent modulation schemes: QPSK,
8-PSK, 16-QAM, 64-QAM, and 256-QAM. The code inter-
leaver size varied with the modulation scheme such that the
frame size in channel symbols was constant at 1500 (i.e., a
fixed slot duration). Since the fading attenuation is assumed to
be fixed for the duration of a slot, and since the interference in
a given slot is approximately Gaussian, the simulated channel
was additive white Gaussian noise (AWGN). Results in terms
of the frame error rate (FER) versus the symbol SNR after 16
decoding iterations are shown for each modulation scheme in
Fig. 3. As can be observed, the performance of each modulation
scheme with this code is characterized by a steep drop in FER
around a certain SNR. For the purpose of obtaining specific
results, the cut-off is defined here to be that SNR which yields
an FER of 102, The cut-off SNRs, obtained from Fig. 3, are
summarized in Table I by modulation scheme. Also included,

4While knowledge of the interference may be unavailable a priori for the
purpose of adaptation as discussed later, it is reasonable to assume that it can be
measured after the encoded frame is received for the purpose of MAP decoding.
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Fig. 4. Information efficiency versus N without fading or shadowing.

for comparison, are the capacity limits for these schemes,
which are approximated from the mutual information for
equiprobable inputs. We observe that this particular pragmatic
encoder operates within 1.2-2.5 dB of capacity at an FER of
10~2, depending on the signal constellation used.

Fig. 4 shows plots of information efficiency as a function of
the normalized measure of link distance N for the various mod-
ulation schemes. These results are for channels with no fading
or shadowing and were obtained using (21) and (19) withy = 1
and cut-off SNRs from Table I. In terms of system parameters,
the spectral efficiency factor in (21) is € = kr /G, where k is the
number of coded bits per constellation symbol and 7 is the code
rate. For these and subsequent plots, an asynchronous CDMA
system with rectangular chips and processing gain G = 11 is
assumed. The transmission probability p is 0.271, which was
shown in [9] to optimize the expected progress, and, in this case,
the information efficiency as well. We observe that each scheme
is characterized by an optimum link distance at which infor-
mation efficiency is maximized. As expected, 256-QAM per-
forms best for short hop distances (for which the SIR is higher),
while QPSK is best at longer distances, with the other modu-
lation schemes being preferable at some intermediate ranges.
The fact that higher order schemes can achieve greater informa-
tion efficiency indicates that the increase in spectral efficiency
on shorter links outweighs the resulting increase in the number
of hops. However, the information efficiency with higher order
schemes also experiences a more rapid decrease with increasing
link distance due to their greater sensitivity to the SIR. Since link
distance depends on the local topology and relay availability, ro-
bustness to a range of link distances can be preferable.

Fig. 5 shows the information efficiency as a function of NV
for several different channel scenarios. For these results, the
modulation scheme is QPSK. The solid line in Fig. 5 is for the
nonfading channel, and the other cases are for Ricean fading,

5Tn this analysis, we have chosen to keep the code rate fixed at 1/3 and only
vary the modulation scheme. In general, the code rate could be varied as well to
obtain other combinations of code rate and modulation scheme.

o
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o
o
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o
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Information efficiency x 102
o
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Fig. 5. Information efficiency with QPSK for various channel scenarios.

Rayleigh fading, and composite Ricean fading/lognormal shad-
owing. Except for extremely long transmission ranges, the im-
pact of increasingly severe fading is to lower the information
efficiency, as well as to reduce the transmission range at which
it is maximized. The effect of a harsher channel is to: 1) render
the desired link less reliable and 2) lessen the level of interfer-
ence at the receiver. At most link distances, the former impact
is predominant, while for very long distances the latter impact
is more influential.

C. Adaptive Systems

Adaptive modulation is considered here as a means of
exploiting variable channel conditions to improve average
performance given some knowledge of the channel state. Three
types of adaptivity are examined, depending on the level of
knowledge of the channel state that is available. In the first type,
both the channel gain on the desired link and the level of inter-
ference at the receiver are known. However, in bursty packet
radio networks, as modeled here, it is unlikely that a priori
knowledge of the interference level for a future transmission
would be available. Nevertheless, this type of adaptivity pro-
vides an upper bound on achievable performance with practical
systems. The second type of adaptivity assumes knowledge of
the channel gain only, which is typically correlated in time and
can be measured and predicted [23]. The third type of adap-
tivity applies to situations in which the channel gain is made
up of a fast fading component and a slowly varying component
due to shadowing and distance, and only knowledge of the
slowly varying component is available. Of interest is how these
types of adaptivity perform relative to one another and to a
nonadaptive scheme.

Using information efficiency as the metric to be optimized,
an adaptive system selects the modulation scheme that maxi-
mizes the information efficiency given some knowledge of the
channel state. Let S represent the known channel state, and let
Q) be the number of modulation schemes available to the trans-
mitter—receiver pair. Furthermore, let ¢, be the spectral effi-
ciency with modulation scheme ¢, 1 < ¢ < @, ordered such
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that e; < €2 < --- < €. Then, the information efficiency con-
ditioned on channel state S using modulation scheme g is

IE,(S) = @T(p)eqpsxl(s)

where P ,(S) is the conditional probability of successful trans-
mission using modulation scheme ¢. The conditional informa-
tion efficiency with adaptive modulation is the maximum of (22)
over q

(22)

ET(P) man {eqPs,q(S)} -

IEAMm (S) = p

(23)

Averaging over channel states, the unconditioned information
efficiency with adaptive modulation, in general, is

IEam = @T(P)ES [m?x{eqPS,q(S)}} .

1) SIR Adaptivity: In the case of SIR adaptivity, the known
channel state S is the SIR . From (1), conditioned on the SIR,
the conditional probability of success is simply

Py q(p) = u(p — pq)
where i, is the cut-off SIR for modulation scheme ¢ and u(-) is

the unit step function. Following (23), the conditional informa-
tion efficiency with SIR adaptivity is

IEam,sir(p1) = '\/g’f(]’) m{?X {equ(p — pg)} -

Averaging over the SIR, we have

oo

IEAM,SIR = \/?T(p) / mgx{eqU(u’ — pg)} Fu(p )y
0
N Q Ha+1
T Y e [ i
- o Hq
= \/;T(p) Z €q [Fu(ttg+1) = Flu(pq)]
q=1

where pgy41 2 .

2) Signal Attenuation Adaptivity: Though the statistics of the
interference may be known, as noted earlier, the instantaneous
interference in an upcoming slot may not be known. A more
practical form of adaptivity may be one that adapts to the signal
attenuation alone, in which case the known channel state S is
the attenuation factor C. The conditional probability of success
with modulation scheme ¢, conditioned on C = ~, is

Py y(7) = Prlp > pg|lC =] =1 = Fe(pgly)-
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Hence, the conditional information efficiency with attenuation
adaptivity is

IEAM,ae(7) = @T(p) max {eg [1= Fuic(pgln)]} - 24

Averaging over the channel attenuation, we have

IEAM,att:\/¥T<p)/mgx{eq[l_FuIC(uqh)]} Je(y)dy.

(25)

Each modulation scheme maximizes the information effi-

ciency for a given interval of the channel gain v, , < v < Yy 4.

The limits of these intervals or channel gain thresholds are such
that

EqF;L|C(II/q|ry) < €q’ ;L|C(/l’q’ |’Y) v q/ # q,VL,q <7< YU,q-
(26)
Furthermore, because the intervals are contiguous and span the
entire range of 0 < v < oo, the thresholds satisfy vy, =
YL,q+1> Y£,1 = 0, and yy,g = oo. Rewriting (25) in terms of
these thresholds, we obtain

N
IEAM,att = ?T(p)

Q YU,q
z / e [1 = Fuc(igl)] fe(v)dn
= YL,q

27

The analysis above applies in general to channels with any
path-loss exponent m > 2 or fading statistics. For a path-loss
exponent of m = 4, the conditional distribution of the SIR is
given by (19). Specific values of the channel gain thresholds
can be obtained by substituting this distribution in (26).6 Table I
lists these threshold values, normalized by (3N p)?, for five co-
herent modulation schemes. Observation of the threshold values
in Table I shows that the interval for which 8-PSK maximizes
the information efficiency is relatively small, implying that, for
the given coding system, not much additional gain is realized by
including it in an adaptive scheme. This observation is also re-
flected in Fig. 4, which shows only a very small range for which
8-PSK performance exceeds that of the other schemes.

3) Slow Adaptivity: When the overall signal attenuation is
due to a combination of small-scale fading, shadowing, and dis-
tance, in some cases, the system may be able to track and adapt
to only the more slowly varying shadowing and distance-based
components. The information efficiency with this form of slow
adaptation is computed by replacing the conditional distribution
in (27) with that averaged over the small-scale fading compo-
nent and determining the thresholds (26) based on this new con-
ditional distribution. For densities of the fading and shadowing

6In practice, the threshold values would incorporate the path loss due to dis-
tance, and a terminal would measure the overall attenuation v/ R™ . The attenua-
tion due to distance is included in the parameter /V here for ease of presentation.
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Fig. 6. Information efficiency versus N with Ricean fading (KX = 5 dB) and
8-dB lognormal shadowing: SIR adaptive, attenuation adaptive, and nonadap-
tive schemes.

attenuations of f¢ () and fe, (7), respectively, the information
efficiency with slow adaptation is

N Q YU,q
IEAM siow = ?T(P)Z / €qfe.(7s)
qZI'YL,q
X 1—/FH|C(Nq|’Yf’Ys)fo('Yf)d’Yf drys.-
0

4) Quantitative Results: Based on the preceding expressions,
quantitative results are presented here for the information effi-
ciency with the varieties of adaptive modulation defined above.
As before, results are based on an assumption of asynchronous
CDMA with rectangular chips, processing gain G = 11, and
transmission probability p = 0.271. The channel gain is due to
a combination of Ricean fading with Rice factor K = 5 dB and
8-dB lognormal shadowing. Adaptive modulation is based on
a set of four modulation schemes: QPSK, 16-QAM, 64-QAM,
and 256-QAM.

Fig. 6 shows plots of information efficiency as a function of
link distance in terms of N, comparing the performance of SIR
adaptivity and attenuation adaptivity. The curve for nonadaptive
QPSK is shown as well for reference. Each case is characterized
by an optimum link distance at which information efficiency is
maximized. The peak efficiency of the SIR adaptive and atten-
uation adaptive schemes is 2.8 and 2.2 times that of the non-
adaptive scheme, respectively. Since a transmitter has only lim-
ited control over link distance in practice, a measure of overall
performance is the information efficiency averaged over a dis-
tribution of link distances. Assuming a receiver position that is
uniformly distributed in the transmission range 0 < N < 25,
SIR adaptivity still more than doubles the average information
efficiency of nonadaptive QPSK, while attenuation adaptivity
provides a 60% increase.

Fig. 7 illustrates results for two different kinds of attenuation
adaptivity (i.e., for unknown interference), along with four non-
adaptive schemes. The solid line marked with dots represents

1.6 T T T T
—— "Fast" atten. adaptive
—— "Slow" atten. adaptive
141 — 256-QAM H

—_
N
T

-y
T

o
)

Information efficiency x 102
o
[ee]

I
~

o
N

0 5 10 15 20 25
N=ArR?
Fig. 7. Information efficiency versus N with Ricean fading (i = 5 dB) and

8-dB lognormal shadowing: fast versus slow attenuation adaptive and nonadap-
tive schemes.
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Fig. 8. Marginal benefits of adaptivity in Ricean fading (K" = 5 dB) and 8-dB
lognormal shadowing.

“fast” attenuation adaptivity, based on knowledge of the com-
bined shadowing and fading attenuation. The line marked with
x’s represents “slow” attenuation adaptivity, based on knowl-
edge of the shadowing (and distance-based attenuation) only.
In both cases, the adaptive schemes exploit random variations
in the channel due to fading and/or shadowing to selectively
employ one modulation scheme over the others, resulting in a
greater information efficiency than that achieved by any of the
fixed modulation schemes alone. The adaptive schemes are also
more robust to a range of link distances. While nonadaptive
high-order modulation performs comparably at short range, and
likewise low-order schemes at long range, the adaptive schemes
perform better over the entire range.

Fig. 8 summarizes the relative benefits of the various forms
of adaptivity in terms of their incremental gains in average in-
formation efficiency (averaged over 0 < N < 25). Slow adap-
tivity to distance and shadowing provides 85% of the benefit
of full attenuation (fast) adaptivity over nonadaptive 16-QAM,
indicating that adaptive modulation can be useful even in fast
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Fig. 9. Sensitivity of fast attenuation adaptivity to CSI error, in Ricean fading
(K = 5 dB) and 8-dB lognormal shadowing.

fading environments in which small-scale fading is difficult to
track. When the fading is Rayleigh instead of Ricean, slow adap-
tivity provides 75% of the benefit of fast adaptivity.

Due to the limitations of practical channel estimators, as
well as to the delay between the channel measurement and
the adapted transmission, the adaptation in practice is based
on imperfect channel information. To investigate the effect of
imperfect channel information as well as imperfect knowledge
of the channel gain thresholds, results assuming ideal infor-
mation were compared with those obtained by introducing
random errors into the channel gain estimates. The scope of this
analysis is the effect on the adaptive choice of the modulation
scheme and not on the decoding at the receiver, for which more
timely, and therefore more accurate, measurements can be made.
Fig. 9 compares the information efficiency with perfect channel
information with that obtained by a Monte Carlo average of
(24), where the modulation was selected using channel gain
estimates uniformly distributed within +3 dB and within +6 dB,
respectively, of the true fading/shadowing channel gains. The
impact of these two levels of estimation error is a 1% and 7%
reduction, respectively, in the average information efficiency.
This robustness to imperfect side information can be expected,
since only in channel states near the thresholds, or interval
boundaries, are suboptimum decisions at risk of being made.

V. CONCLUSION

A model for the performance analysis of multihop DS/
CDMA networks of Poisson-distributed terminals was ex-
tended to account for a mixture of coherent modulation
schemes, and an appropriate performance measure, information
efficiency, was used to investigate the potential benefits of
adaptive modulation in these networks.

By exploiting varying channel conditions on different links,
adaptive modulation can be used in ad hoc networks to pro-
vide upper layers with higher capacity links over which to route
traffic. Various forms of adaptivity were considered, including
that based on knowledge of the current SIR, knowledge of the
signal attenuation, and knowledge only of the slowly varying
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components of the signal attenuation. While full knowledge of
the SIR provides the best improvement, as it doubles the average
information efficiency of a nonadaptive scheme, the difficulty
of predicting the interference in bursty packet radio networks
makes adapting to the signal attenuation a more practical ap-
proach. For channels with Ricean fading and lognormal shad-
owing, adapting to the combined fading/shadowing attenuation
was found to increase the average information efficiency by
60%. The performance penalty of adapting to the shadowing
component only, which is a form of slow adaptivity, is relatively
small, indicating that most of the available gain can be realized
with a more limited knowledge of the channel state. The anal-
ysis also indicates that the performance gain from adaptation is
robust to imperfect channel information.
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