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Abstract— Adaptive rate/power control schemes have great po-
tential to increase the throughput of wireless CDMA networks. In
this paper, we investigate the additional gains achieved through
adaptation of the orthogonal modulation (OM) order. We show that
adaptive orthogonal modulation (AOM) can significantly increase
network throughput while simultaneously reducing the per-bit
energy consumption (compared to variable-rate, variable-power,
fixed-order OM schemes). We study the problem of joint rate/power
control in AOM under two different objective functions: minimizing
the maximum service time and maximizing the sum of users rates.
For the first objective function, we show that the optimization
problem can be formulated as a generalized geometric program
(GGP), which can be transformed into a nonlinear convex problem
and solved optimally and efficiently. In the case of the second
objective function, we obtain a lower bound on the performance
gain of AOM over fixed-order OM schemes. Unlike previous works
on adaptive transmission, which have focused mainly on cellular
networks, ours is applicable to both ad hoc and cellular networks.
Numerical results indicate that relative to a variable-rate, variable-
power fixed-order OM scheme, the proposed AOM scheme achieves
significant throughput and energy gains.

I. INTRODUCTION

Efficient utilization of the limited wireless spectrum while
satisfying applications’ quality of service (QoS) requirements
is an essential design goal of fourth-generation (4G) wireless
networks and a key to their successful deployment [46]. De-
spite their appealing simplicity, resource allocation policies in
currently deployed wireless networks, such as the IEEE 802.11,
are inefficient, perform poorly under moderate loads [9], and are
unable to match the growing demand for high data rates.

The need for spectrally efficient systems has motivated the
development of adaptive transmission techniques, several of
which are in the process of being standardized. These techniques
adapt users’ parameters according to the time-varying channel
conditions, interference levels, rate requirements, bit error rate
(BER) needs, and energy constraints [29].

In narrow-band (i.e., non-spread spectrum) systems, adapta-
tion includes varying the transmission power [15], modulation
order [13], symbol rate [8], coding rate [41], or any combination
of these parameters [3], [12], [14], [27]. In particular, it is well
known that adaptive modulation is a promising technique for
increasing the user data rate in narrow-band systems. This was
demonstrated in [13] for the single-user case, where it was shown
that adaptive modulation can provide up to 10 dB gain over
a fixed-rate system that uses only power control. In [33], the
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authors studied the multiuser case and showed that even without
power control, adaptive modulation has a significant throughput
advantage over fixed-rate power control schemes. Much of the
work on adaptive modulation in narrow-band systems (e.g., [4],
[13], [22], [23], [43]) has been motivated by recent advances
in designing low-complexity adaptive modulation circuitry and
channel estimation techniques [13].

In the context of (wide-band) direct-sequence code division
multiple access (CDMA) networks, power control has tradition-
ally been the single most important adaptation parameter [11],
and has been thoroughly studied (see [37] and the references
therein). Recent efforts on adaptation in CDMA networks have
also focused on adapting the transmission rate using multiple
codes [17], [36], parallel combinatory spread spectrum [47], mul-
tiple chip-rate [44], adaptive modulation and coding (AMC) [1],
[6], [16], and “classical” variable processing gain (VPG) tech-
niques [9], [10], [18], [21], [24], [26], [30], [35], [42], [45] in
which both the transmission power and data rate are adapted, but
the modulation and coding are kept fixed.

For CDMA systems that require coherent reception, a pilot
signal must usually be transmitted for each user. This is the
case, for example, in WCDMA systems [1], where a high-rate
coherent two-dimensional modulation! such as 16QAM [1], [16]
is used. Alternatively, to reduce the implementation complexity
associated with coherent reception (e.g., recovering the pilot
signals from users) and to potentially improve energy efficiency
(a pilot signal consumes a considerable amount of the mobile
user’s energy), noncoherent reception can be used [20]. M-ary
orthogonal modulation (OM) is a spectrally-efficient modulation
technique that is well suited for this application [11]. Although
differential phase shift keying (DPSK) can also be used for
noncoherent reception, it has been shown that OM outperforms
DPSK for M > 8 in additive white Gaussian noise (AWGN) and
in Rayleigh fading channels [32]. OM has been used successfully
in the uplink of IS-95 and is also part of the radio configurations
of the cdma2000 standard [17].

This paper focuses on CDMA systems for which coherent
reception is not possible and where OM is used (e.g., uplink IS-
95). For such systems, classical (i.e., fixed OM order) VPG has
been the focus of research because of its performance benefits,

By two-dimensional modulation, we mean modulation schemes for which the
modulation symbol can be represented by a 2-dimensional vector, i.e., by a point
in the 2-dimensional signal space (or constellation).
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flexibility, and practicality (e.g., low peak-to-mean envelope
power, fixed chip rate, etc. [18]). The extensive work on VPG
has clearly quantified the performance? advantages of combined
rate/power control over power control alone (e.g., see [35], [18]).
However, to the best of our knowledge, adapting the modulation
order for variable-rate OM-based systems remains an unexplored
area of research, and one for which joint rate/power control has
not yet been investigated. Our first contribution (Section II) is
to show that when OM is used, the performance of variable-rate
CDMA networks can be improved by using higher OM orders at
lower data rates. We then use these results to show that, in the
single link case, variable-rate systems with adaptive orthogonal
modulation (AOM) significantly outperforms VPG systems with
a fixed OM order’. Thus, similar to adaptive modulation in
narrow-band systems, AOM in CDMA systems is shown to be a
promising technique for increasing the user data rate. Note that
the processing gain and transmission power are varied in both
AOM and VPG. However, in AOM the OM order is also varied
depending on the data rate, whereas VPG uses the same OM
order for all data rates.

The main goal of our study is to investigate the theoretical
performance limits of joint rate/power control for AOM-based
CDMA networks and to gain insights into the technique itself.
We consider both point-to-point (PTP) as well as multipoint-to-
point (MultiPTP) networks. PTP networks is the more general
communication paradigm. It can represent a completely dis-
tributed mobile ad hoc network, or a microcellular network in
which mobile-base station pairs compete for the same frequency
spectrum. In MultiPTP networks, multiple nodes transmit to
one node, as in the case of a cluster-based ad hoc or sensor
network [31] or in the case of the uplink of a single cell in
a CDMA-based cellular network (e.g., IS-95 [32]). With very
few exceptions, previous work has mainly considered MultiPTP
networks.

To jointly optimize the powers and rates, we consider two
throughput-related objective functions: (1) minimizing the max-
imum service time, and (2) maximizing the sum of users’ trans-
mission rates. Both functions are optimized subject to constraints
on the maximum transmission power, on the minimum and
maximum transmission rates, and on the BER. The first function
is novel in our context and has not received much attention;
previous research has primarily focused on the second objective
function. However, as we argue in Section III, there are important
practical advantages of the first objective function.

We obtain the optimum solution to the problem of minimizing
the maximum service time in both PTP and MultiPTP networks
by formulating the problem as a generalized geometric program
(GGP) [7]. We then transform this GGP into a geometric pro-
gram (GP), which itself can be transformed into a nonlinear
convex program. The advantage of these transformations is that
a convex program has a global optimum that can be found very
efficiently [7]. Furthermore, in the case of MultiPTP networks,
we derive a simple expression for computing the optimal powers

2Throughout the paper, the term “performance” is used to refer to network
throughput and/or per-bit energy consumption.

3For brevity, we use the acronym AOM to refer to a variable-rate system with
adaptive OM, while the acronym VPG refers to a variable-rate system with a
fixed OM order.

and rates that minimize the maximum service time. Our solutions
are computationally efficient. They can also be used to determine
the feasibility of a set of rate and BER requirements under
certain constraints, thus, allowing for the use of admission control
policies.

Although the second objective function (i.e., maximizing the
sum of rates) has the advantage of being in the exact form of
throughput, it has the limitation of having several local maxima.
As a result, there are no computationally efficient algorithms to
solve this problem4. Hence, for PTP networks, although we do
not know the optimal rate/power solution for VPG and AOM, we
provide some numerical results that demonstrate the performance
advantages of AOM over VPG. For MultiPTP networks, we start
from theorems proved in [18], and we analytically derive a simple
procedure for maximizing the sum of rates for VPG systems.
Then, we show how this solution, which is optimal in VPG
systems, can be used heuristically in AOM MultiPTP networks.
Using these results, we derive a lower bound on the achievable
gain of AOM over VPG schemes. As shown in Section IV, this
gain is substantial.

Note that our goal in this paper is not to promote OM as a
modulation scheme, but rather to advocate adapting the order of
OM for CDMA systems that already use OM (e.g., the uplink
of IS-95). The rest of the paper is organized as follows. In the
next section, we take a system-level approach to the analysis of
AOM in CDMA multimedia networks and show its performance
advantages over VPG. In section III, we present the objective
functions, formulate the optimization problems, and present their
solutions. The performance of AOM is presented and contrasted
with VPG in Section IV. Finally, our main conclusions and
several open issues are drawn in Section V.

II. ORTHOGONAL MODULATION IN CDMA NETWORKS
A. Motivation for Higher Orthogonal Modulation Orders

The main goal of this section is to show that for any data rate,
increasing the OM order improves the performance of a CDMA
system. The maximum OM order that can be used, however, is
constrained by the chip rate. We first start with a system-level
analysis of CDMA systems. The benefits of a higher OM order
is then established using this analysis and through an analogy
between OM and FEC. The message we will try to convey is that,
in CDMA systems, it is always advantageous to use an FEC or
an OM order that reduces the bit-energy-to-noise spectral density
ratio (E,/Ny) required for a given BER.

Digital Processor

R (bps) R, (bps) R, (bps) W (Hz)

Modulator Spreader Transmitter

Fig. 1. Simplified block diagram of the transmitter circuit.

The transmitter circuit of the system under study is shown in
Figure 1. It consists of (digital) FEC encoder, modulator, direct-
sequence spreader, and (analog) amplifier and transmitter [11].

4This may be one reason why previous studies that pursued an algorithmic
approach to this problem considered other objectives, such as minimizing the
power or even minimizing the sum of rates [24].
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Consider packet reception for link 7. Let I be the set of active
links in the network, Pt(l) be the transmission power of link 4,
and h;; be the channel gain between the receiver of link 7 and the
transmitter of link j. Then the signal-to-noise (and interference)
ratio at ¢ is:
hii Pt(l)

E hjipt(J) + Plhermal
jel—{i}
where Piermal 18 the thermal noise, which is modeled as a white
Gaussian noise process. The interference from other users is also
assumed to be Gaussian. This assumption has been shown to
produce throughput results that are reasonably accurate [34]. For
reliable communication, a more relevant metric than SNR( is the
effective bit energy-to-noise spectral density ratio at the detector,
denoted by 1(¥ and given by [11]:

e Bo W hii Py )
NO R(l) Z hjiPt(J) + Rhermal
jel—{i}

where W is the Fourier bandwidth occupied by the signal (i.e.,
chip rate) and R is the data rate of i’s intended signal. Let
Hreq be the required 1@ for a certain BER. Then, the maximum
achievable data rate at ¢ is:

SNR() =

ey

SNR®
. 3)
req

Both (2) and (3), which hold for any CDMA system, do
not explicitly indicate the effects of FEC and modulation on
the achievable data rate. However, these effect appear indirectly
through the value of pq. For example, the stronger the FEC code
(i.e., the lower the code rate), the lesser is peq and the higher is
the achievable data rate. This analysis is inline with the findings
of Viterbi [40], in which he showed that the jamming margin
is actually increased by coding; the idea is that with coding,
lireq 1s lower, and so more interference is allowed for the same
rate (i.e., SNR® in (3) can be decreased). In other words, for
CDMA systems it is always preferable to use schemes that enable
operation at a lower firq.

In the case of M-ary OM, the modulator takes k& = log, M
FEC-coded bits and maps them into one of the M Walsh (or
Hadamard) orthogonal sequences [32] of length M bits. So the
resulting modulated bit rate R,, is equal to R. M /k, where R,
is the coded bit rate (see Figure 1). At the receiver, the signal is
first despread and then noncoherently detected, generating &k soft
output bits for each transmitted Walsh symbol, which are fed to
the Viterbi decoder (see [39] for further details). A tight upper
bound on the probability of bit error in OM is given by [32]:

RY =w

1 i
P, < Qe_k(u( ) —2In2) /2 (4)

It is clear from (4) that the higher the value of k, the lower is
the BER. Therefore, the higher the OM order M, the better is the
BER performance for the same E, /Ny value. OM in this sense
works as an FEC code; the higher the value of M, the lower is
the modulation rate k/M, but the better is the BER performance.
Note that the higher the OM order, the higher is R,,; however,
this has no impact on the system bandwidth as long as R,,, < W,
since the signal is spread by a high-rate CDMA code.

B. Performance Advantages of Adaptive Orthogonal Modulation

In the previous section, we showed that increasing the OM
order is beneficial for the performance of a CDMA network.
However, the higher the user data rate R, the lower must be the
maximum allowable M to ensure that R, < W. Thus, in AOM,
M must be adapted according to R. Our goal in this section is
to quantify the performance gains of adapting M according to
R. To do this, we derive the relationship between the user’s SNR
and the achievable data rate for AOM and for non-adaptive OM
(i.e., VPG).

First, we claim that it is sufficiently accurate to use (2) and
the upper bound in (4) to analyze OM in CDMA systems. To
substantiate our claim, we compare the performance obtained
from these two simple equations with the results reported in [25],
which were obtained using rigorous analysis. We simulate the
same setup of [25]: a MultiPTP network that uses 64-ary OM
with equal received powers at the common receiver. The number
of transmitters is varied to obtain different E}/Ny. Part (a) of
Figure 2 shows the probability of bit error versus Ej/Ny. The
“exact” plot is the same one that was obtained in [25], while the
upper-bound curve is the one obtained using (2) and (4). This
figure demonstrates that the bound is sufficiently tight for all
practical purposes. To verify the tightness of the bound for other
values of M, we show in Part (b) of Figure 2 the probability of
bit error versus M for E},/Ny = 8 dB and E;,/Ny = 10 dB. As
can be seen, the bound is tight, and hence will be used in our
subsequent analysis.

Next, we use (2) and (4) to derive the relationship between the
user’s SNR and the achievable rate with and without adapting
M. From this relationship, we demonstrate the performance
advantages of AOM over VPG for the single-link case. Without
loss of generality, we assume that the system under study does
not use any FEC (i.e., R. = R). VPG uses the same modulation
order M for all data rates. This M is chosen such that for
a given R, R,, < Z < W, where Z is a threshold that is
often determined by regulatory laws. For example, the Federal
Commission Commission (FCC) calls for at least a ratio of 10
(i.e., 10 dB) of spreading rate to modulation bit rate in the 2.4
GHz ISM band [5], so in this case Z = W/10. Accordingly, the
modulation order for VPG is decided based on W, Z, and the
maximum desired data rate (Ry,y). If Z = W and R, = W/2,
then the (fixed) modulation order M = 2. If the required BER is
10~9, then for this VPG system, fireq is about 14.8, and so using
(3), the required SNR at Ry, is 7.4. Note that whereas firq is
fixed, the required SNR is a function of R.

AOM, on the other hand, uses a variable M that depends on
R. The higher the value of M, the smaller is the value of fireq,
but also the higher is R,,. For Z = W and Ry, = W/2, the
value of M at R,.x cannot exceed 2 (to ensure that R,, < Z),
implying that there is no performance advantage of AOM over
VPG at Rp.x. However, for R < Rpaxx, AOM uses a higher
value for M, enabling operation at a lower fiq, or equivalently,
resulting in a higher data rate (see (3)). For each data rate R,
the corresponding value of M is the largest value such that R,,,
which in the absence of FEC is equal to R M /k, does not exceed
Z. Assuming M is continuous (more on this assumption shortly),
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Fig. 2. Probability of bit error in an OM-based CDMA system.

R can be expressed as:

R=2Zk2Fk (3)

For a given target P, we use (4) as an equality, replace z(?)
with fireq, and derive pieq as a function of k. This function along
with (5) is used to approximate /irq as a function of R, say g(R).
The approximation can be done by simple curve fitting. Finally,
using fireq = g(R) and (3), one can express the required SNR as
a function of R:

R o« f(R
SNReq = Wg(R) = %
In the case of AOM, f(R) can be well-approximated (less than
1% fitting error) by the posynomial function aR?, for some
real-valued coefficients ¢ > 0 and b > 1 (the definition of
a posynomial can be found in [7]). On the other hand, in the
case of VPG, g(R) is a constant that is equal to fieq (e.g.,
g(R) = 14.8 for M = 2), and therefore, SNR,q is simply a linear
function of R. This linearity between I2 and SNR, has been the
underlying assumption in all previous adaptive rate/power control
schemes for OM-based CDMA networks. We now know that this
assumption does not hold for AOM.

Using the relationships between 12 and SNRq, we are now in
a position to compare the performance of AOM with VPG for
the single-link case. Figure 3 demonstrates several performance
metrics obtained using Z = W and Ry.x = W/2. Part (a) of the
figure depicts SNRyeq versus the normalized rate R/W. It is clear
that for all R < Rpnax, AOM requires a significantly less SNR
than VPG to achieve a certain data rate. Such an improvement
essentially reflects a power gain. Equivalently, AOM achieves a
much higher rate than VPG for the same SNRy (i.e., rate gain).
Part (b) of the figure shows the relative rate enhancement of AOM
over VPG versus the SNR. It is shown that the rate advantage
of AOM over VPG increases as the SNR decreases, and is very
significant in the low SNR regime. Note that when SNR > 8.7
dB, the link operates at Ry,.x, and AOM uses the same modulation
order as VPG, i.e., there is no rate improvement. Part (c) of the
figure shows the energy-per-data bit (£}) consumption of AOM
relative to that of VPG versus the SNR. E} is defined as the
transmission power divided by R. The figure shows that AOM

. (©6)

consumes much less Ej than VPG in the low SNR regime. The
E} consumption of AOM increases as the SNR increases until
the maximum rate is reached, at which AOM consumes the same
Ey as VPG.

In the above discussion, we permitted the modulation order
M to take any real positive value; however, in real life, M is
restricted to a finite set 7. Nonetheless, we evaluate the potential
gains without this additional constraint to serve as an upper bound
on the performance of AOM in practice.

III. JOINT RATE/POWER OPTIMIZATION FOR AOM SYSTEMS

The analysis presented in the previous section focused on
the single-user case. For a network of users, increasing one
user’s power increases that user’s SNR, and consequently its
rate. However, this comes at the expense of the SNR for other
users, whose data rates must now be reduced to combat the
added interference. Determining the best powers and rates that
optimize a given objective function (e.g., network throughput) is
not straightforward. The goal of this section is to define objective
functions and derive policies that optimize them for the case of
a network of users (i.e., multiuser case).

We study two throughput-oriented objective functions: (1)
minimizing the maximum service time, and (2) maximizing the
sum of users’ transmissions rates. The two functions differ in
two aspects: the time scale at which rate adaption is carried out
and the required hardware.

A. Minimizing the Maximum Service Time

Let L; be the load (in bits) to be transmitted over link 4, 7 € I,
where I is the set of active links in the network. Recall that R;
is the data rate (in bits/sec) for link 7. The service time for link 7,
denoted by S;, is L;/R;. A scheme that minimizes the maximum
service time Spmax = max {S;, i € I'} has the advantage of being
easy to integrate in many current wireless network standards. For
example, the access point (AP) of an IEEE 802.11 WLAN (or
the Piconet controller of an IEEE 802.15.3 WPAN) can utilize
its polling medium access mechanism to measure the channel

5The burden of demodulation for high values of M can be alleviated by
using the Fast Walsh Transform method [2], which requires only Mloga M real
additions and subtractions.

Thisfull text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the Proceedings |EEE Infocom.



Required SNR (dB)
Rate Enhancement of AOM

Relative Energy Consumption of AOM

"o 005 01 015 02 025 03 035 04 045 05 -25 -20 15

Rate (normalized) Maximum Rate

(a) Required SNR versus data rate.

Fig. 3.

gains between the AP and each mobile node, and to probe nodes
about their loads. Using channel gains and load values, the AP
can compute the optimum powers and rates that minimize Spx.
A scheme that minimizes Sp,x does not require users to receive
any feedback from the AP while transmitting, i.e., only one
transceiver is required at a node. Furthermore, rate adaptation
is carried out on a per-packet basis (i.e., the whole packet is
transmitted at one rate), which is practical for current wireless
networks standards [29].

Given the channel gains and the loads L; Vi € 1, the goal
is to find the transmission powers and rates (i.e., Pt(z) and R;,
Vi € I) so as to minimize Sy,.x. Formally, this problem is stated
as follows:

minimize {max L; }

’ HAA R,
{RuPt(Z), i€l} iel
subject to:

h”Pt(A’L) > f(Ri) Viel (7)

.EIZ:{.}hj'iPt(J)""Pthermal - W
jeI—{i
OSPt(Z)SPmaXa Viel
Ruin < R; < R, Viel

The first constraint reflects the BER requirement of link ¢, since
it mandates that i’s SNR be greater than or equal to % =
SNRyq (see (6)). % is equal to % Hreq for VPG and is
approximated by a(R;/Z)*(Z/W) for AOM, where a and b are
two constants whose values are obtained from the fitting of f(R).
In our simulations, a ~ 9.8 and b ~ 1.2, with less than 1%
fitting error. Although the formulation in (7) assumes the same
minimum rate, maximum rate, and maximum power constraints
for all nodes, this can be easily extended to handle the case of
node-specific constraints. Note that this formulation is applicable
to both PTP and MultiPTP networks.

Proposition 1: The optimization problem in (7) is a general-
ized geometric program (GGP). This GGP can be transformed
into a geometric program (GP), which itself can be transformed
into a nonlinear convex program.

Proof: With simple algebraic manipulations, (7) can be
expressed as:

-10 -5 o 5

(b) Rate enhancement of AOM over VPG.

°
ol
>

8710 -25 -20 -15 -10 -5

Performance of AOM and VPG for a single link.

SNR (dB) Maimim Fato SNR (dB)
(c) Energy consumption of AOM relative to
VPG.
minimize {max{LiRil}}
{R;, P, iery L€l
subject to:
> hjiPt(j) + Phermal [hiipt(i)} f(m}?i) <1 ®)
jeI—{i}
(1) p—1
Pt Pr{lax S 1
Ri}fmax <1
Ri Rmin S 1

where the constraints in (8) are to be satisfied for all ¢+ € I.
If f(R) is a posynomial, which is the case for both VPG
and AOM, (8) is a GGP. In its current form, this GPP cannot
be solve optimally and efficiently. Therefore, we make two
transformations. The first one transforms the above GGP into
a GP. To this end, we introduce a new auxiliary variable ¢ such
that:

L;
t>—, Viel. 9
=0 1 &)
With the introduction of ¢, (8) becomes:
minimize t
{t,R;, PV, icI}
subject to:
LRt 1 <1
1 i -1 . 10
Z hjiPt(j) + Pthermal |:huPt( ):| % S 1 ( )
jel—{i}
Pt(m) Pr;a}( S 1
R Ruin <1

It is obvious that (8) and (10) are equivalent forms, meaning that
the powers and rates that minimize ¢ also minimize the objective
function in (8). Formulation (10) is an example of a GP, which
can be easily transformed into a nonlinear convex program using
a logarithmic change of variables [7]. Formally, let z = log t,
z; = log Pt(l), and y; = log R; Vi € I (so that t = e, Pt(l =
e’ , and R; = e¥?). Instead of minimizing the objective function
t, we now minimize log ¢. Also, each constraint of the form
f < 1 is changed to log f < 0. This results in the following
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(equivalent) optimization problem:

minimize =z
{z,xi,y:, 1€}

subject to:

log Lie7%ie <0

IOg Z hjiewj ~+ Phermal h;ile_zi f(;;") <0 (b
JjeI—{i}

log e“”"'Pnja}( <0

log e¥R L <0

IOg 67yi]%min S 0

At first, the above formulation may look more complicated than
(10). However, unlike (10), (11) is a convex optimization problem
that can be solved efficiently (see [7] for more details). Once
(11) is solved for x; and y;, V¢ € I, the optimal power and rate
allocation is simply given by Pt(l) =e% and R, = e¥* Vi € 1.

|

Proposition 1 applies to both PTP and MultiPTP networks, and
also for VPG as well as AOM schemes. In the case of MultiPTP
networks, the structure of the problem can be further simplified
to allow for even a faster computation of the optimal solution.
The following proposition enables the subsequent derivation of
this solution.

Proposition 2: The powers and rates that optimize (7) are such
that the first constraint is satisfied with equality.

Proof: See [28].

In MultiPTP networks, the receiver is common to all trans-
mitters, and so the channel gains hj; and h;; can be simply
written as h; and h;, respectively. Hence, utilizing Proposition 2,
the optimal power and rate allocation in the case of MultiPTP
networks must satisfy the following set of linear equations:

(4)
hiPy = f(R"), Vie I
Z tht(]) + Rhermal w
jel-{i}
Using the same derivation methodology as in [35], (12) can be
reduced to:

Z 1

et (7t +1)
By imposing the constraint Pt(i) < Prax and noting that (13) is
valid Vi € I, the following inequality can be obtained:

Z 1 <1- Pihermal )
W : w
JEI (f(Rj) + 1) rznel? {Pmaxhi (7f<Ri) + 1>i|
This equation determines the feasibility of a set of rates, BER
requirements, and maximum power constraints. Next, we use (14)
to derive the optimal solution for (7). Consider the following
proposition:
PropositiLon 3: The powers and rates that optimize (7) are such
Li _ Lj . -
thatE—R—;Vz,]EI.
Proof: See [28].
This proposition says that, at the optimal solution to (7), all users

have the same service time (S). Hence, R; = L;/S Vi € I.
Accordingly, (14) can be written as:

j{: 1 <1-—

<
i€l (f(Lj/S) + 1)

12)

Pthermal

=1
PO, (% + 1)

13)

,Viel

(14)

Plhermal

. . as)
min [P (702277 +1)

The only unknown in this equation is .S, and so it can be easily
solved for the minimum S. Note that a unique solution always
exist, since the left-hand side (LHS) of (15) is 0 at S = oo, and
it increases as S decreases, while the RHS is 1 at S = oo, and
it decreases as S decreases. In Section IV, we use (15) to show
the significant performance improvement of AOM over VPG.

B. Maximizing the Sum of Users Rates

The goal of this objective function is to maximize network
throughput, subject to constraints on the BER, the maximum
transmission power, and the minimum and maximum transmis-
sion rates. This function, which has been the focus of much
previous research, requires fast rate adaptation; for the network
to operate at the optimal point, whenever a user completes the
transmission of a packet, all other transmitters must update their
rates in the midst of transmitting their packets. This means
that users must use intra-packet rate adaptation (i.e., different
portions of the same packet must be transmitted at different rates).
Furthermore, maximizing the sum of rates requires users to be
able to receive feedback about their new rates while transmitting,
which may necessitate the use of a multiple-channel multiple-
transceiver architecture. Note that the minimum-rate constraint,
which has been overlooked in most previous studies, is crucial
for multimedia networks; without this constraint, some users may
never be allowed to transmit, particularly if they experience a
“bad” channel relative to other users (i.e., their channel gains are
relatively small).

The power/rate optimization problem for both AOM and VPG
can be formulated as follows:

maximize > R;
{R;, P, iel}y i€l
subject to:
hai P F(Ri) . 16
; > Viel (16)
> hﬂPt(g)"'Plhermal - W
Jjer—{i}
ngt(z)gpmaxa Viel
Rmin < Rz < Rmax; Vi e I.

Unfortunately, this objective function cannot be transformed into
the minimization of a posynomial as was done in the previous
section. So it is not possible to formulate this problem as a
GGP, a GP, or a nonlinear convex program. In fact, the problem
exhibits an unknown number of local maxima, and there are no
efficient algorithms to solve it optimally for the general case (i.e.,
PTP networks). However, in order to get a feeling of how much
improvement AOM can provide over VPG, we fix one dimension
of the problem, namely, the transmission powers, and limit our
attention to rate optimization. Specifically, for PTP networks, we
examine the case when nodes use the maximum power (Ppax)-
First, consider the following result.

Proposition 4: The powers and rates that optimize (16) are
such that the first constraint is satisfied with equality.

Proof: See [28].

If all users operate at Pp.x, then from Proposition 4, it is easy
to compute the users rates for both AOM and VPG by solving
the following set of equations:
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For MultiPTP networks, we follow a different approach that
allows us to obtain a lower bound on the achievable gain of AOM
over VPG schemes. Without loss of generality, let the users in
the set I be ordered according to their link-channel gains, i.e.,
1 < j = h; > hj. It has been shown in [18] that in the case of
VPG , the optimal solution for (16) has the following structure:

Ry = f! Viel. —(17)

o The set of best v; users ([,,) operate at rate R, (i.e., at the
maximum-rate boundary) and their powers satisfy hiPt(l) =
tht(j) Vi, j € I,,, i.e., they have equal received powers.

o The set of next vy best users ([,,) operate at power Ppax
(i.e., at the maximum-power boundary) and rates R; <
Ry Vi € I,,. Note that b, P\ < n,PY Vi e I,
and Vj € I,,, (see [18] for more details).

o At most, there is one user U (whose order in [ is v; +vo+1)
that operates at rate Ry; and power Pt(U) such that Ry, <
Ry < Rmax and Pt(U) < Pax. Furthermore, hUPt(U) <
hP" and Ry < Ry Vi€ {I,, UL,}.

e The remaining users, I,, = I — I,, — I, — {U}, operate
at rate Ry, (i.e., at the minimum-rate boundary) and power
hiPt(Z) = tht(J) Vi, j € I,,, i.e., they have equal received
powers. Furthermore, h; P\ < h;PY) Vi € I, and Vj €
{L,, UL, JU}

Using this solution structure, we now present a proposition that
will enable us to derive a novel algorithm for finding the optimal
solution for VPG networks. We then show how this algorithm
can be used as a heuristic for AOM networks.

Proposition 5: For VPG MultiPTP networks, the optimal so-
Iution to (16) is such that there is only one element in the
set {I,, JU}, ie., some users operate at the maximum-rate
boundary, others operate at the minimum-rate boundary, and only
one user operates at a rate in between these two boundaries.
Proof: See [28].

This optimal solution is intuitive and agrees with previously re-
ported information theoretic results [38]; if there is no constraint
on the maximum rate, the system throughput is maximized while
simultaneously satisfying each user’s minimum-rate constraint
only when the best-channel user is allowed to transmit at a power
larger than the one required for it to achieve R,. If there is
a constraint on the maximum rate, allowing only the best user
to increase his power may not achieve the maximum network
throughput. The reason is that the best user cannot utilize any
extra power beyond the one required to achieve Ry,,x. Hence, the
optimal policy will then be that some best-channel users operate
at R (without using Pp,x), some bad-channel users operate
at Rnin, and at most one user operates at a rate that is between
Ryax and Rpyp.

Based on Proposition 5, the optimal solution for VPG networks
can be found by assigning rate Rp,x to the maximum possible
number of users such that the feasibility condition (14) is not

%The authors in [18] did not consider a minimum-rate constraint; however,
their results extend to the case when R, > 0.

violated, and then assigning to the next best user the maximum
power at which (14) is satisfied with equality. The details of the
algorithm are as follows:

1) Assign rate Ry, Vi € I and check the feasibility condition
in (14); if this condition is not satisfied, then there is no
solution to this problem; otherwise go to the next step.

2) Assign rate Ry, to the best user in I, say user j, and
check the feasibility condition in (14); if satisfied, then set
I =1T1—{j} and repeat this step; otherwise, go to the next
step.

3) Find the maximum power (Ppoweq) that j can use such
that (14) is satisfied with equality; the transmission power
of j is then given by P; = min{ Pujiowed; Prax }-

This rate/power assignment (RPA) algorithm gives an optimal
solution for VPG. We now explain the intuition behind using
the same algorithm as a heuristic for AOM. The main idea is
to replace the objective function in (16) by a slightly different
but related objective function, and then measure the actual
throughput under this new function. First, note that in the case
of AOM, f(R;), which was shown in Part (a) of Figure 3, can
be well-approximated by a second-degree polynomial in R;, say
a1R? + by R; + ¢1, which can be written as (a1 (R; + b2)* + ¢2)
for some coefficients ay, by, c1, ba, and co. Of course such
an approximation has a higher fitting error than the posynomial
fitting chosen earlier (i.e., aRﬁ-’). Let O; £ (R; + b2)%, Omin e

= (Rumax + b2)2, and replace the objective

(Rmin +b2>2> and Omax =
function in (16) by >_._; O;. Then, the optimization problem

il
becomes:
maximize ) O;
{0, P, ie1}y i€l
subject to:
By P a10i+c ;
il > ulite: - v;e ] (18)

(3) =
'eIZ{ 4 hjiPtJ +Pthermal
J —{7

0< P < P,
Omin § Oz S Omax;

Viel
Viel

This formulation has a similar structure to the one of VPG. Since
RPA finds the optimal solution to VPG, it can also find the
optimal solution to (18) (a; and co are constants that do not
affect the optimization algorithm). This means that RPA can be
used to maximize Y, ;(R; + b2)?. The powers and rates that
maximize ), (R; + b2)? are not necessarily equal to the ones
that maximize Zie ; ;. However, we expect them to be close.
In this sense, RPA can be used as a heuristic method to maximize
>_ic1 Ri. The simulation results in Section IV show that based on
this heuristic, AOM provides significant performance advantages
over VPG.

IV. PERFORMANCE EVALUATION

A. Simulation Setup

In this section, we evaluate the performance of AOM and
contrast it with that of VPG [18]. Our results are based on numer-
ical experiments conducted using MATLAB. Our performance
metrics include the service time (S)7, the sum of users rates,

7 At the optimal solution for the first objective function, all users have the same
service time S (see Proposition 3).
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anczlV the average energy consumption per bit (Ej), defined as
% N:IIZ Note that Ej is a more significant measure than the
average transmission power. In fact, it is misleading to compare
the average transmission power of two systems that transmit at
different data rates, as the cost of transmitting a certain number of
bits depends on both the transmission power and the rate. In some
cases, we also study the throughput and energy fairness indexes
Iy = (SR (i, (P/R0)’
NYio (Pi/Rq)?°

Ny LR and I = respectively [19].
The fairer the system, the higher are the values of Iy and Ig.
Ir measures the “equality” of users allocation of throughput. If
all users get the same amount of throughput, then the fairness
index is 1, and so the system is 100% fair. As the discrepancy
in throughput increases, I decreases. A scheme that favors
only few users has a fairness index close to zero. Ir measures
the discrepancy in the amount of energy each user invests in
delivering one bit of information. Typically, a system designer
would like this per-bit energy to be equal for all users to extend
the lifetime of users’ batteries. To simulate the channel gains, we
assume the two-ray propagation model with a path loss factor of
4. Note, however, that the problem formulation does not depend
on how the channel attenuation matrix is generated, i.e., any other
fading model can be used. The total bandwidth of the system (i.e.,
the chip rate) is W =1 MHz. We let P.x = 20 dBm.

B. Point-to-Point Networks

In this scenario, N transmitting nodes are randomly placed
across a square area of length 600 meters. For each transmitter j,
the receiving node ¢ is placed randomly within a circle of radius
100 meters that is centered at j. Given the location of the NV
receivers and IV transmitters, the channel attenuation the channel
attenuation between any pairs of nodes ¢ and j is computed using
the the two-ray propagation model with attenuation factor equals
to 4. The matrix H is then formed with entries h;;. Whenever
the solution set is empty for the generated H (i.e., Ry, cannot
be achieved for all users), a new set of transmitters and receivers
are randomly generated. The maximum-rate constraint Ry, iS
chosen such that the modulation order M used in VPG is equal to
16, which is the minimum M used in AOM. For this experiment,
we let Rpin = Rmax/100.

The performance of AOM and VPG is shown in Table I. The
results are reported for N = 20 and N = 30 based on the
average of 100 independent realizations of the matrix H. For the
first objective function, (i.e., minimizing the maximum service
time), all nodes are assumed to have 1 Mbits of data. Although
a randomly generated workload is more practical, the choice of
equal workloads is meant to facilitate the discussion. For N = 20
and N = 30, AOM achieves a reduction in S by 65.4% and 50%,
respectively, while simultaneously achieving about 75% and 42%
energy savings, respectively. The reason for this considerable
improvement can be explained as follows. From Proposition 3,
we know that at the optimal powers and rates, all users have the
same S. Since users have the same load (1 Mbits), the optimal
solution is when all users transmit at the same rate. This rate must
be chosen to accommodate the worst-channel user (i.e., lowest
SNR). AOM, as Figure 3 shows, has a significant performance
advantage over VPG at low SNR values; thus providing a smaller
service time and a much lower energy consumption than VPG.

For the second objective function (i.e., maximizing the sum of
users rates), the optimal solution in PTP networks is unknown;
however, to provide a feeling of what the AOM improvement is,
we let all users transmit at P,ax, and compute the corresponding
optimal rates using (17). For both N = 20 and N = 30,
AOM achieves about 15% increase in throughput, 13% saving
in energy, and about 16% improvement in Iy relative to VPG.
The improvement in Ig for N = 20 is particulary significant
(about 42%). Such an improvement is justified by noting that
AOM achieves a significant throughput gain for low-rate (low-
SNR) links, sometimes twice that of VPG, but provides little gain
for high-rate links. This has a negligible impact on throughput,
but has a significant impact on Ig.

C. Multipoint-to-Point Networks

In this section, we consider /N transmitting nodes that are
randomly placed within a square area of length 200 meters. The
common receiver is placed at the center of the square. Given
the location of the nodes, the channel attenuation matrix H.
Similar to the PTP case, whenever the solution set is empty for
the generated H, a new set of transmitters is randomly generated.
The results are obtained based on the average of 100 independent
realizations of the matrix H.

For the first objective function, the workload at each transmitter
is selected randomly between 1 and 20 Mbits. As before, R«
is chosen such that the modulation order M used in VPG is
equal to 16. Figure 4 depicts the performance of AOM and VPG
for the first objective function. Part (a) of the figure depicts the
service time S versus V. It is shown that as IV exceeds 10, AOM
achieves considerably lower S than VPG. For example, when
N =50, S under AOM is only 45% of S under VPG. It is also
shown that S under both AOM and VPG increases with N. This
is expected since as IV increases, the multiple access interference
(MAI) also increases, and users are forced to transmit at lower
rates, which increases their service times.

Note that for VPG, the S-versus-N curve is approximately
linear, while for AOM, the slope of that curve decreases slightly
with N. This can be explained by examining (15). The RHS
of (15) is close to 1, as Piermar 18 typically very small. In the
case of VPG, f(L;/S) = fueqLi/S, WS/ Lipireq > 1, and so
the LHS of (15) can be well-approximated by “54 >,/ L; =
= SN Lgye, where Ly, is the expected value of L;. This explains
why S increases almost linearly with N. For the AOM case,
f(Li/S) = a(L;/S)" for some coefficients a > 0 and b > 1. It
is easy to show that the S-versus-/N curve can be approximated
by S ~ cN /b for some coefficients ¢ > 0. Thus, its derivative
(or slope) decreases with N.

Part (b) of Figure 4 depicts £} versus N. It shows that in
addition to reducing the service time, AOM achieves a significant
energy saving over VPG. For example, for N = 50, AOM energy
expenditure is less than 40% that of VPG.

Next, we study the impact of increasing Pipermal On the service
time S. Figure 5 shows S as a function of Ppemma for N =
30. The workload is generated as in Figure 4. For all values
of Pihermal, AOM consistently shows a good improvement over
VPG. For both AOM and VPG, however, S starts to increase
exponentially when Pierma €xceeds —60 dBm. The reason is
that at this value, Piermar becomes comparable to the maximum
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Number of || Scheme Minimize Max S; Maximize Y R;
Node Pairs S Ey S R; Ey Ir Ig
(N) (sec) | (microjoules/bit) || (Mbps) | (microjoules/bit)
2 VPG 73.6 1.86 1.83 1.09 0.50 | 0.21
AOM 25.5 0.45 2.08 0.96 0.58 | 0.30
30 VPG 137.5 0.58 2.57 1.17 0.47 | 0.51
AOM 69.3 0.34 2.94 1.02 0.55 | 0.58
TABLE I
PERFORMANCE COMPARISON BETWEEN AOM AND VPG IN PTP NETWORKS.
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Fig. 4. Performance of AOM and VPG based on the minimization of the maximum service time in MultiPTP networks.

received powers for bad-channel users. Hence, the SNR of the
users deteriorates significantly, causing a fast drop in their rates,
and a corresponding dramatic increase in S.
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Fig. 5. Service time S of AOM and VPG in MultiPTP networks as a function

of Phermal-

In the case of the second objective function (i.e., maximizing

the sum of users rates), we set the maximum modulated bit rate
Z to W/5. As before, Rimax is chosen such that the modulation
order M used in VPG is equal to 16 (i.e., R,,/R = 4), s0 Rinax =
W /20. Part (a) of Figure 6 depicts the throughput performance
versus N for three different values of Ryin (Rmax/50, Rmax/100,
and zero). Recall that the used RPA algorithm is optimal for
VPG , but is only a heuristic for AOM, so the results in Figure 6
represent a lower bound on the achievable gain of AOM over
VPG. Several observations can be made based on this figure.
First, AOM achieves considerably more throughput than VPG;
e.g., for Rmin = Rmax/50 and N = 50, AOM achieves about
30% more throughput than VPG. This is because for any power
allocation vector, AOM enables higher rates than VPG. Second,
in the cases of Rmin Ruax /50 and Ry Rinax /100,
as N increases, the throughput for AOM increases, while the
throughput for VPG decreases. This can be explained as follows.
For VPG, as N increases, more bad-channel users are required to
operate at Ry,. To enable this, other (good-channel) users must
decrease their powers (and consequently their rates) to reduce
the MAIL The increase in the total throughput due to a higher
number of bad-channel users does not offset the decrease in
the throughput of the good-channel users. Therefore, the overall
effect is a slight reduction in network throughput. This is not
the case, however, for AOM. Simulation results indicate that the
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increase in the total throughput due to more bad-channel users is
higher than the decrease in the throughput of the good-channel
users. This can be justified as follows. Unlike VPG, AOM uses
higher OM orders at low data rates and thus requires much less
SNR than VPG to achieve Ry;,. Thus, good-channel users do
not need to reduce their powers (and their rates) considerably
to accommodate the new users, and so the reduction in the
throughput of the good-channel users is not considerable (when
compared to the VPG case). The overall effect is a slight increase
in network throughput. The throughput of AOM increases with
N until the RPA is unable to find a feasible solution.

Another observation is that as R, increases, the throughput
for VPG decreases, while the throughput for AOM increases.
So the throughput gain of AOM over VPG goes up with Rpy;y-
This can be explained as follows. Increasing Ry, tightens the
constraints (i.e., reduces the solution space), and this results in a
lower throughput whenever RPA is optimal. This is exactly what
happens in the VPG case since RPA is optimal for VPG. But since
RPA is heuristic for AOM, we conjecture that its performance
becomes closer to the optimal one as Ry, increases, and so the
throughput increases.

The last point to note about Figure 6-(a) is that for Ry, =
0, both AOM and VPG are almost linear. The reason is that
when R, = 0, RPA allocates powers only to good-channel
users until the network “saturates,” i.e., v; users are assigned
Ryax and only one user is assigned the rest of the power such
that (14) is satisfied. Adding more users has no impact once (14)
is satisfied.

As in the PTP case, the throughput advantage of AOM over
VPG comes with energy savings. Part (b) of Figure 6 depicts
the energy consumption of AOM and VPG as a function of N
for Ryin = Rmax/50. This figure shows that AOM achieves a
significant energy saving over VPG (up to 25%).

Next, we study the fairness properties of AOM and VPG. Part
(a) and (b) of Figure 7 depict Ir and Ig, respectively, as a
function of N (recall that the fairer the system, the higher are
the values of I and Ig). The results are for Rumin = Rmax/50.
It can be observed that relative to VPG, AOM can improve Ir
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Performance versus IV under the throughput maximization criterion for MultiPTP networks.

and Ig up to 21% and 30%, respectively.

Finally, we study the effect of varying the minimum processing
gain (PG) by varying Rp.x. We fix Ry, in this experiment at
W/500. Figure 8 shows the performance of AOM and VPG as a
function of the minimum PG. It can be observed that the sum of
rates decreases as the PG increases for both AOM and VPG. This
agrees with the previous intuition that reducing R.x tightens
the solution space, and so decreases the achieved maximum.
Furthermore, it not difficult to notice that RPA favors higher
values of Rpax.

V. CONCLUSIONS AND OPEN ISSUES

In this paper, we investigated the potential performance gains
of using adaptive orthogonal modulation (AOM) in multirate
CDMA networks. We showed that, relative to a variable pro-
cessing gain (VPG) system that uses fixed orthogonal modula-
tion (OM) order, AOM can significantly increase the network
throughput while simultaneously reducing energy consumption.
We studied the problem of optimal joint rate/power control for
AOM-based systems under two objective functions: minimizing
the maximum service time and maximizing the sum of users
rates. For the first objective function, we showed that the opti-
mization problem can be formulated as a GGP, which can be
transformed into a nonlinear convex program, and be solved
optimally and efficiently. In the case of the second objective
function, we obtained a lower bound on the achievable gain of
AOM over fixed-modulation schemes. Unlike previous work on
adaptive transmission, which have focused mainly on cellular
networks, ours is applicable to both PTP and MultiPTP networks.

In PTP networks, our results show that, when compared with
fixed OM order VPG schemes, AOM can achieve more than 50%
improvement in the service time and, simultaneously, more than
40% reduction in energy consumption. In MultiPTP networks,
we derived a simple algorithm for finding the optimal powers
and rates for VPG, and explained the intuition behind using
that algorithm as a heuristic for AOM. Our results show that
the achievable throughout gain can be up to 30% compared to
VPG. Furthermore, AOM achieves more than 45% reduction in
the service time relative to VPG.
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In our analysis, we let the modulation order M to take real
positive value. However, in reality, M is restricted to a finite set.
Our future work will focus on studying the impact of restricting
M to a finite set of values.

AOM is still a newly explored area of research. Several
challenges remain to be addressed, including finding the optimal
solution for maximizing the sum of rates for AOM in MultiPTP
networks, the optimal algorithm for maximizing the sum of
rates for VPG and AOM in PTP networks, and closed-form
approximations to the optimal solutions. In addition to solving
for these theoretical limits, our future work will focus on how
to integrate these algorithms within current wireless networks
protocols.
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