Abstract

Transmitter power control can be used to concurrently achieve several key objectives in wireless networking, including minimizing power
consumption and prolonging the battery life of mobile nodes, mitigating interference and increasing the network capacity, and maintaining the
required link QoS by adapting to node movements, fluctuating interference, channel impairments, and so on. Moreover, power control can be
used as a vehicle for implementing on-line several basic network operations, including admission control, channel selection and switching, and

handoff control. We consider issues associated with the design of power-sensitive wireless network architectures, which utilize power efficiently in
establishing user communication at required QoS levels. Our focus is mainly on the network layer and less on the physical one. Besides reviewing
some recent developments in power control, we also formulate some general associated concepts which have wide applicability to wireless
network design. A synthesis of these concepts into a framework for power-sensitive network architectures is done, based on some key justifiable
points. Various important relevant issues are highlighted and discussed, as well as several directions for further research in this area. Overall, a
first step is taken toward the design of power-sensitive network architectures for next-generation wireless networks.
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ireless networking is rapidly
becoming a major component of the modern communications
infrastructure and could compete with wireline networking in
terms of business volume in the near future. Such develop-
ments are mainly driven by strong market demand for person-
al communications systems and services. The unique aspect of
wireless networking is that it provides ubiquitous, tetherless
access to the users which, coupled with the high bandwidth
provided by wireline networks, can offer a comprehensive
solution to modern communication needs.

Contrary to the controlled environment of the wire, the
wireless channel may be highly erratic and essentially
stochastic; interference is an omnipresent fact one has to
cope with. Historically, networking science has evolved
based on the wireline network paradigm, where concepts
such as routing, admission control, packet and circuit switch-
ing, and congestion management first emerged. Modern
applications (multimedia) are rapidly driving wireless com-
munication to the point where advanced networking capabil-
ities, previously limited to the wireline world (active
congestion control, guaranteed quality of service, connection
reliability etc.), need to be readily available. However, they
have to be supported by the highly erratic radio channel in
the presence of node mobility in urban environments, where
sporadic connectivity and unpredictable propagation events
(shadowing, multipath fading, etc.) are the rule rather than
the exception.

This dichotomy introduces a plethora of very interesting
research issues that are unique to wireless networking. In this
article we address a few such problems, mainly from the point
of view of the network analyst and designer. Perhaps more
important, we profile and characterize some additional issues
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that we see as critical to efficient network design and needing
to be further explored by networking research. Our central
theme is that of adaptive transmission power control. In this
article we explore a framework for design of network architec-
tures that are power-sensitive, as discussed in detail through-
out the article.

The Power Control Concept and Its
Practical Significance

Communication link/path setup (and reconfiguration) and
maintenance of the user-required quality of service (QoS) on
it are key functions of network control in any networked com-
munication environment. In wireless networking these func-
tions are heavily dependent on transmitter power control
(PC). Associated are some important optimization issues, for
example, transmitter power minimization, network capacity
maximization, and optimal resource allocation. Essential to
PC is online link QoS monitoring for adaptation to changes
induced by mobility and channel impairments.

From our point of view, PC is of fundamental importance
to the operation of wireless networks for a number of reasons.
In a nutshell, by adjusting its transmitter power a communica-
tion link interacts with the rest of the network and can get
feedback information by monitoring the interference induced
on its receiver by the other reacting links. As a result, PC can
be used as a vehicle for performing several key dynamic net-
work operations online, such as admission control, link QoS
maintenance, channel probing, resource allocation, and hand-
offs. We articulate this position extensively later in this article,
presenting a sequence of basic problems that need to be
addressed in order to understand the dynamics of wireless
networks and develop high-performance system architectures.
A specific approach is proposed, based on some novel ideas
and a few key recent results.

50 1070-9916/98/$10.00 © 1998 IEEE

IEEE Personal Communications * June 1998



Our methodology for designing a power-sensitive network
architecture is based on studying the PC dynamics on a
canonical network model and then leveraging selected theo-
retical results in designing efficient algorithms and protocol
suites. Optimization problems can then be formulated and
analyzed on the canonical network model, reflecting perfor-
mance trade-offs. The algorithms and protocols should be
based on well-justified heuristics. To be practical, they must
be sufficiently:

* Distributed — allowing autonomous execution at the node
or link level, requiring minimal (if any) usage of network
communication resources for control signaling

* Simple — suitable for real-time implementation with low
strain on node/link computation resources

*» Agile — for fast tracking of channel changes and adaptation
to network stretching due to node mobility

* Robust — to gracefully adapt to diverse stressful contingen-
cies, rather than stall and collapse

* Scalable — to maintain high performance at various net-
work scales of interest
What can one actually expect from PC and overall power-

sensitive network architectures which manage power efficient-

ly? A moment of reflection reveals that there can be some
immediate practical benefits, including:

* Increased power savings at mobile nodes for prolonged bat-
tery life (currently a major problem)

* Better maintenance of stable QoS on wireless links for sup-
porting QoS-sensitive services (multimedia)

* More efficient handling of mobility (handoffs, etc.)

* Various others, aimed at reducing the strain on raw computa-
tion and communication resources by network control opera-
tions, hence increasing the effective capacity offered to users
Moreover, judicious use of transmission power on a link

implies milder interference on other links sharing the channel,

leading to increased network capacities.

Basic Paradigms of
Wireless Networking:
A General Conceptual Model

What is a canonical conceptual model of wireless networking
for the purpose of addressing PC issues in the context
sketched above? Considering modern wireless networks, as
well as those realistically projected to exist in the near future,
one can distinguish two basic wireless networking paradigms.
Essentially, they are differentiated by the existence or lack of
fixed wired infrastructure.

Ad Hoc Networking — The canonical example is that of lap-

top (mobile) computers equipped with radios, which establish

wireless links between them and build a network topology

allowing multihop connectivity. Its key characteristics are:

* There is no fixed infrastructure (rapidly deployable).

* There is wireless multihop communication, dynamically set
up and reconfigurable as nodes move around.

Originally conceived for military applications (as was pack-
et radio), it has found significant commercial applications
where instant wireless infrastructure is needed (disaster relief,
search and rescue operations, instant wireless LANs) and
there is no fixed network (isolated areas, nonwired buildings).
It is desirable that the network support multimedia traffic.

Cellular Networking — The canonical example is cellular tele-
phony. Its key characteristics are that there is some fixed
wired infrastructure, which is always accessible through a sin-

gle-hop wireless link. A key notion here is that of the access
point, where the mobile connects via the single-hop link.

At an appropriately high level of modeling abstraction one
can consider the network as a collection of interfering wireless
links in a channel. Actually, there may be more than one
orthogonal (noninterfering) channels where links can be
accommodated. In many practical systems, the channels are
nonoverlapping frequency bands. Within each band, code-divi-
sion multiple access (CDMA) transmission is used (either
direct-sequence or frequency-hopped) with a number of dif-
ferent codes, taking advantage of the good performance of
spread-spectrum transmission in combating interference and
especially multipath fading, which is a serious problem in
urban propagation environments. Some systems employ power
control to mitigate the near/far effect in spread-spectrum
transmission, where the intended receiver of a signal is
swamped by some other interfering transmitter which happens
to be quite close to it. Finally, plain time-division multiple
access (TDMA), frequency-division multiple access (FDMA),
or hybrid TDMA/FDMA/CDMA schemes are used in various
radio communication systems.

Under the conceptual model of a wireless network being a
collection of interfering links, the cellular networking
paradigm is a special case (single-hop up/downlinks) of the far
more general ad hoc networking one (wireless multihop); of
course, each has its own operational parameters and con-
straints at lower modeling levels. This is why we prefer to
think more in terms of the ad hoc networking paradigm in
what follows. Most of the results, however, are directly
reducible to the cellular one too, where they actually become
simpler. When we need to focus on the cellular paradigm
below, this is explicitly mentioned.

Actually, the above conceptual model also applies to satel-
lite networks, as well as to networks of wireless relay stations,
since they can also be viewed as collections of links between
nodes (satellites, relays). One could argue that these networks
form a separate paradigm where the fixed wired infrastructure
is replaced by a fixed wireless one. We find the conceptual
model useful for formulating and studying various problems
addressed below in a unified framework.

Research Background in
Power Control

The first extensive effort to bring advanced networking ideas to
the wireless communication world was the packet radio project
of the ’80s which spawned a lot of research activity [1-5]. By
then, advances in communication and information theories had
provided a good understanding of the potential and limitations
of point-to-point wireless communication [6], while random
accessing, broadcasting, and channel sharing techniques had
been developed [2, 7]. In packet radio networks, which are
mainly designed to support packet-switched datagram traffic,
several problems have been studied, including how to estab-
lish and maintain connectivity between various mobile nodes
[8-12}], and dynamically allocate slots/codes to various com-
munication links supported at the nodes [13-22]. Power con-
trol in packet radio networks was mainly used for adjusting
the transmission range to reach various receivers [23-26].
With the explosion of cellular networks in the ’90s PC
became very important for improving spatial channel reuse and
increasing network capacity [27-42; see also Additional Reading
2, 4-6]. Early work focused on balancing the signal-to-interfer-
ence ratios (SIRs) of all network users, globally lowering them
as the network became congested. Recently, the focus has
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been on adjusting transmitter powers to maintain a required
SIR threshold for each network link using the least possible
power. A key algorithm for distributed PC has been intro-
duced in [43, 44] and extended to the asynchronous case in
[45]. In [46, 47] an interesting PC scheme has been introduced
allowing joint PC and base station assighment to minimize pow-
ers. The fundamentals of spread spectrum transmission, as it
relates to PC, have been studied in [48-50]. Additional aspects
of power control (discrete/constrained power levels, bursty traf-
fic, etc.) have been studied in [51-54]. Error-driven PC has
been studied in [55-58] (also discussed later). Finally, the
important problem of handoffs in cellular networks has also
received considerable attention [59-63].

Adaptive Power Control for
Power-Sensitive Network
Architectures: Some Key Concepts
and a Design Framework.

In this section we present a framework for PC which forms
the backbone of a power-sensitive network architecture. It
should be kept in mind that the defining goals of such an
architecture are:
* To minimize power consumption and prolong battery life of
mobile nodes ‘
* To mitigate interference and increase network capacity
* To maintain link QoS by adapting to node movements and
channel impairments
Moreover, by controlling its transmitter power each link can
autonomously probe (interact with) the rest of the network and
observe its collective reaction by monitoring the interference
induced on its receiver. As a result, PC can be used to imple-
ment various basic dynamic network operations online, such
as admission control, channel selection and switching, and
handoff control. This unique opportunity has mostly been
overlooked in the past; we will highlight it in what follows. It
should actually be at the heart of any power-sensitive network
architecture. Critical to the implementation of PC is the
online, quick, reliable estimation of link QoS, whose varia-
tions trigger PC actions.
Our main goal here is to pinpoint justifiable design con-
cepts and principles rather than specify particular protocols.
That should be the subject of extensive further research.

The Wireless Network as a
Collection of Power-Controlled Interfering Links

Our first task is to isolate and analyze the PC dynamics of
the wireless network. A level of modeling abstraction appro-
priate for our purposes is to consider the network as a col-
lection of interacting links in a channel, adopting the
conceptual model discussed earlier. Links correspond to con-
current single-hop transmissions in the channel. In reality, of
course, a multihop communication session may comprise
several time blocks within each time frame (TDMA), exist-
ing in various frequency bands (FDMA), and using various
spreading codes within each band (CDMA). Hence, the net-
work may consist of several noninteracting (orthogonal)
TDMA/FDMA channels where links may exist. We isolate
an arbitrarily chosen channel to study the interaction dynam-
ics, and reduce the problem to a single CDMA channel net-
work [23] with near/far interfering links or a single FDMA
channel with only co-channel interference (the multichannel
case is examined later).

Suppose there are N links in the channel and let G;; be the

power gain (loss) from the transmitter of the ith link to the
receiver of the jth one. It involves the free space loss, multi-
path fading, shadowing, and other radio wave propagation
effects, as well as the spreading/processing gain of CDMA
transmission [5, 48]. To keep things simple, here we assume
that all Gs are deterministic (time-averaged) and do not
change with time (no mobility). In reality, Gs suffer rapid
stochastic fluctuations with time-varying statistics due to node
mobility (we address this case later).

A measure of the link QoS (related to bit and/or packet
error rates) is the SIR observed at the receiver [5, 48]. Indeed,
the link throughput is an increasing function of the SIR, while
the packet queuing delay is a decreasing one. Thus, the link
QoS is an increasing function of the SIR overall. To simplify
the discussion, we base our formulation of the power control
problem directly on the SIR. Let

O (1)

22 Gy +;

be the SIR of the ith link, i, j € {1, 2, 3, ..., N}. P; is the ith
link’s transmitter power, while m; > 0 is the thermal noise
power at its receiver node. For each link i there is a lower SIR
threshold v;, reflecting a certain QoS the link has to maintain
in order to operate properly. Therefore, we require that

R; 2 v, for every i {1,2,3,..., N} 2)

in order for the links to happily coexist in the channel, satisfy-
ing their QoS demands. The previous setup connecting QoS
to SIR is asymptotically accurate for the CDMA channel in
the large interferer population limit (Gaussian collective inter-
ference) and quite valid in practice [5, 48]. Rewriting the
inequalities of Eq. 2 in matrix form, we get (I - F)P > u with
P > 0 (component-wise), where P = (P, Py, ...P;, ..., Py)’ is
the column vector of transmitter powers,

’
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is the column vector of normalized noise powers, and F is the
matrix with entries

Y6y
F.= 1.,
i Gii {i# ]}
where i,j € {1, 2, 3, ..., N} (matrix of cross-link normalized

power gains). 1y, is the standard indicator function, that is,
1y, is 1ifi # j and 0 otherwise.

The matrix F has nonnegative elements and is irreducible
(since we are not considering isolated groups of links not
interacting with each other). By the Perron-Frobenious theo-
rem [45, 64], the maximum modulus eigenvalue pp of F is real,
positive and simple, while the corresponding eigenvector is
positive component-wise. Moreover, the existence of a feasible
power vector P > 0 satisfying (I — F)P = u (hence, Eq. 2) is
equivalent to pr < 1 and also equivalent to the fact that

a-p'=y7 F*
exists and is positive component-wise. The power vector
*=(I-F)'u &)

is the Pareto optimal one satisfying Eq. 2, in the sense that any
other P > 0 satisfying it would require at least as much power
from every transmitter [45] (i.e., P 2 P* component-wise).
Observe that the iteration

P(k + 1) = FP(k) + u, “4)

(k=1,2,3,..), converges to P* = lim;_,..P(k) when pF < 1,
as can be seen by recursive substitution:
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P()= F'P(0) +[ T F Ju

To conclude, we observe that in principle the goal of our
PC strategy should be to set powers at P*, when it is possible
to satisfy the SIR requirements (Eq. 2) of all links simultane-
ously. There are, however, many other considerations which
we examine below.

It should be noted that the Pareto optimal power vector P*
(Eq. 3), to which the algorithm converges, is basically the min-
imal power operational point for the network of links, for
which the SIR (QoS) constraints are satisfied. All the algo-
rithms discussed below also converge to a neighborhood of
the Pareto optimal power vector. Therefore, they tend to min-
imize the power needed to support network operations given
the QoS constraints. Minimizing the power is the central
theme of this line of research. This is why the we call the
architecture power-sensitive.

Distributed Power Control:
The Concept of Active Link Protection

Using the iteration (Eq. 4) for distributed power control in
wireless networks was first conceived by Foschini and Miljanic
[43] of Bell Laboratories. Indeed, Eq. 4 can be written as P;
(k + 1)= (WGi) (T GyPik) + ), or

Vi

Fi(k+1) R0 P (k) &)
for every link i € {1, 2, 3, ..., N}. Note that Eq. 5 can be
implemented in a distributed manner, where P;(k) is the trans-
mitter power of the ith link in the kth time slot (step). Each
link measures autonomously its current SIR, R;(k), and tries
to achieve its target vy; in the next step, by boosting its power
when the current SIR is below its target ¥ and lowering it oth-
erwise. We call Eq. 5 the standard distributed power control
(DPC) scheme; from Eq. 4 we see that it converges to the
Pareto optimal P* (when that exists). Interesting extensions
have been obtained by Mitra (asynchronous implementation)
[45] and Yates (constrained powers, joint power control and
access point assignment) [46, 47].

As pointed out by Foschini and Miljanic [44], the DPC
algorithm, Eq. 5, and its extensions may allow the link SIRs to
dive below v during their evolution; hence, the transmitter
powers may fluctuate erratically in the transient phase before
convergence. When new links try to access the channel, estab-
lished ones may inadvertently be dropped because of tempo-
rary SIR (QoS) degradation below acceptable levels, even if
the new links could eventually be accommodated. If they are
not admissible at all (no feasible power vector) all SIRs will
degrade, while powers will escalate uncontrollably. This is a
serious problem from the network admission control point of
view. Indeed, in practice the channel will mostly be in a tran-
sient state, as new links try to access it all the time. It should
block and reject inadmissible links, and not inadvertently drop
established ones already operating in it.

To solve this problem, we have introduced [65, 66] an
alternative PC scheme which protects the currently active
(operational) links, maintaining their SIRs (QoS) above the
thresholds v; at all times, as new links try to access the channel
and gain admission to the network. Moreover, if the latter
cannot be accommodated, they are simply suppressed and
rejected, without hurting the active links in the process. The
new PC algorithm works as follows, updating the powers in
every step k = 1, 2, 3, .... Let £ be the set of all links. We
define the set of active or operational links during the kth step
to be 4, = {i € £: Ri(k) = v}, and the set of new or inactive

ones (trying to gain admission by raising their SIRs above the
required thresholds, but not having achieved it yet) to be B, =
{i e 2 Ri(k) < v;} = £- 4. Finally, let 8 > 1 be a control
parameter, arbitrarily chosen at this point. As seen later, we
shall be working with 8s slightly higher than 1. The new algo-
rithm, Distributed Power Control with Active Link Protection
(DPC/ALP), updates the transmitter powers as follows:

P ()L jje 0,1 + 8P (kN i, ) (6)

P+ =110
R; (k)

or, equivalently, Pi(k + 1) = %0/Guli(k)1je aiy + 0Pi(K)(1c 5,

where [i(k) = Zje 5,011y GyF;(k) + m; is the interference (plus

noise) measured at the ith link’s receiver during the kth
update. Note that for i € B; we have P;(k) = 84P;(0), where

P0) is the initial power. 1 is the standard indicator function.
Note that under DPC/ALP (Eq. 6), the active links play

the standard DPC game with enhanced targets &y;, while the

new ones power up gradually at a constant factor rate §.

DPC/ALP introduces the following new ideas into the classi-

cal PC approach:

* Protection margin — It artificially raises the SIR target of
each active link i € 4 to &y;, so as to provide a protection
margin € = & — 1 > 0 for its actual requirement ;. This lets
active links absorb the jolts that new links induce on them
by powering up, while SIRs stay above ;.

* Controlled power-up — 1t forces each new link i € B; to
power up gradually (in a guarded manner), inducing a
bounded degradation on each already active link at each
step, which is absorbed by the SIR protection margin.

It can be proved that the DPC/ALP scheme has some
interesting desirable properties, especially concerning network
admission control. We briefly present them below (proofs can
be found in [65, 66]). Specifically, for any fixed 8 < e and any
stepk e {0,1, 2,3 ...}, we have:

* SIR protection of active links — For any active link i we
have Ri(k) = v, = Ri(k + 1) 2 v; thatis,i€ &, =ie A4
or, equivalently, 4, ¢ 4;,1 and B, C B,. Hence, once
active a link never becomes inactive (new) again.

* Bounded power overshoot — For every active link i € 4, we
have Pk + 1) < 8Pi(k).

* SIR improvement for new links — For any new link i € By,
R;(k) £ R,(k + 1); that is, the SIRs of new links increase
with time.

It is now clear how a set of links evolves under DPC/ALP.
New links power up gradually and increase their SIRs. If they
ever meet their target y they switch to active and remain so
forever (or until they decide to depart). Note that these
dynamics are ideally suited for admission control. We discuss
this matter later.

We now look at a couple of provable facts about the
DPC/ALP dynamics in two extreme cases (proofs can be
found in [65, 66]), which provide some useful intuition. Let 4
# Jand By # & be the sets of initially active and new links
correspondingly. The following can then be shown:

* Totally inadmissible new links — If no new link ever becomes
active (e.g., 4 = Ay and B, = By for every k € {1, 2, 3,...}),
then limy ,..R;(k) = v, for every i € 4 and limy_,..R;(k) <
v; for every i € By. Moreover, the powers of all links explode
geometrically and

B _ .

o; <oo,

hmk—>oo i

k
¢ Fully admissible links — If there exists a feasible power vector
such that all links 4y U B can be accommodated in the chan-
nel at SIR requirements v, then under the DPC/ALP scheme
all new links will become active in finite time. That is, there is
a finite k, such that 4, = 4y U B, for every k > k,.
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The second fact shows that if all links are compatible, all
new ones become active eventually; hence, DPC/ALP does
what is expected of it! Apparently it does it better than plain
DPC in that it has some key desirable properties. However,
there is a catch. Obviously, if all links 4, W B; can be accom-
modated with enhanced SIR targets 6y; (hence, v; too), the
powers converge to P* = (1 — §F)lu < « and the SIRs to &y,
for every i € 4y U By. On the contrary, if all links can be
accommodated at SIR thresholds y; but rot at 8v,, then
(although all links will become active at some finite time) their
powers will explode to infinity. This is because the links are
shooting for the unattainable SIR targets 3. Exploding powers
is an unacceptable situation, even though the links are active.
Hence, we see that under DPC/ALP the channel capacity is
slightly reduced compared to plain DPC. This reduction is very
small for the operational region of 6 in practice (1.01 to 1.10).
It is clearly overcompensated by the DPC/ALP benefits, due to
the three key properties. Actually, the lost capacity can be fully
recaptured by dynamically relaxing 6 — 1 [66].

Autonomous Online Admission Control:
The Voluntary/Forced Dropout Concept

The fact that after a new link becomes active it remains so
throughout its communication life naturally introduces the
notion of network admission, occurring at the time when the
link becomes active. Consider now a set of links, having
evolved according to DPC/ALP for a number of steps &, and
assume that none of the currently new links B8, will ever
become active in the future. According to the earlier discus-

sion, each new link’s SIR will saturate below its target v.

Imagine then that we choose some new link at random and

kill it (set its power to zero). This automatically reduces the

interference on all other links, giving a second chance to some
new ones to reach their targets v, gaining network admission.
In a real network we have a dynamic environment; indeed,
links arrive all the time, experience some delay until gaining
network admission, transmit for some time (service time), and
then depart. It turns out that it pays for a new link to volun-
tarily drop out when its objective of reaching the target y does
not seem realizable. This mitigates congestion and may help
other new links gain admission. The dropout link can retry for
admission later. We call this concept voluntary dropout

(VDO). How can VDO be implemented autonomously by

each new link online? Two possible strategies are the follow-

ing, each based on a different idea for autonomously gauging
network congestion in the link’s vicinity and forming a belief
about the likelihood of gaining admission soon. The key

DPC/ALP property making that possible is the SIR increasing-

ness of new links. When a new link i arrives to the network

(appears initially as a request for establishing a single-hop

connection between two nodes), it starts its local clock (count-

ing steps k), begins transmitting at a very low power P;(0) at k

= 0 (low enough so as not to kill any active link? in its vicini-

ty, e.g.,, of the order of the thermal noise power), and powers
up according to the DPC/ALP scheme, implementing either
of the following two strategies:

e Timeout-based VDO — The new link initially sets a timeout
horizon T. If it has not gained admission by time 7, it com-
putes a dropout horizon D as a decreasing function of ( y -
R(T)), for example, D = | 4e*(-R(T) | where A, o. > 0, and ||
is the lower integer part. The link keeps trying for admission
until time 7'+ D. Note that links closer to their SIR target
tend to try longer. Throughout D the new link hopes that
some other link dropping out or naturally departing might
boost its chance of admission. If that has not occurred by T
+ D, the link voluntarily drops out, setting its power to zero.

* SIR-saturation-based VDO — The new link retains M-step
memory of its previous SIR values at all times; it also sets a
threshold AR of significant anticipated SIR improvement in
the last M steps. At the beginning of each step k, the link
checks whether significant SIR improvement has occurred
in the last M steps (e.g., R(k) — R(k - M) = AR). If so, it
simply updates its power according to DPC/ALP. If not, it
thinks that its SIR has saturated due to network congestion
and admission is currently impossible; hence, it attempts to
drop out for a while. To implement that, it flips a coin
which gives 1 with probability p°P which is an increasing
function of (y~ R(k)), for example, p@ror = 1 — ¢B(r-R(K)),
If the outcome is 1 the link drops out immediately; if not, it
updates its power according to DPC/ALP and starts the
process all over. Note that the closer the link to its target
the less likely it is to drop out.

After a new link drops out (backs off) it lies dormant for

some time B and then retries for admission by starting

power-up once again from the initial lowest power P;(0).

Observe that the saturated SIR of a new link may suddenly

climb significantly due to the dropping out of a neighboring

new link or the natural departure of an active one. If the

memory window M is too narrow, the link may react to a

short-lived lack of SIR improvement by dropping out unnec-

essarily. On the contrary, if the window is too wide the link
may persist too long before dropping out and congest the
network excessively. Clearly M is a design parameter that
needs to be optimized, as are the AR, B, T, D, 4, o, B, for
which analogous considerations hold. Actually, 7, D, B, and
so on may even be random, say, exponentially distributed.

! Regarding the initial power level P(0) (from which new users start power-
ing up when trying to access the channel) the question is how large can
that be so as not to kill active links. For simplicity, let us assume that all
links have the same vy and the same thermal noise power n. The network
operates under DPCIALP with some §, so the protection margin is (86— 1)
Y. Assume now that there are some active users in the channel, which have
converged to their enhanced SIRs &y (recall that convergence is geometri-
cally fast), and a new link starts powering up from power level P(0). Let
Gax be the maximum power gain G between the transmitter of the new
link and all the receivers of the active ones. That is, Gy iS the minimum
power attenuation from the new link to the active ones, or the maximum
interference/interaction strength between new and active links. The active
links being at their enhanced SIRs &y and enjoying a protection margin (8
— 1)y, can tolerate an initial power (as simple calculations show)

max
without any of them dropping below the SIR threshold vy and becoming
inactive. That way, the new link enters the channel smoothly and without
killing any active one. (If we have ar most Ny ax new links starting power-
up simultaneously, the denominator in the previous formula becomes
NiaxGmax ) The issue now is to estimate an upper bound on the Guay.
Consider first the cellular network paradigm, where downlinks are set up in
a different channel than uplinks, so they do not interact. Assuming that the
base station is at some height, say 30 m, from the ground where the mobile
users move, we have G,y of the order 30-* (assuming that the power
attenuation follows an inverse-fourth-power law, as is typically the case in
urban propagation environments). Taking & = 1.1 we get roughly P(0) <
105 . The point is that for any application scenario we can compute a
Gax (this is typically much less than 1), and get an upper bound on P(0).
A very conservative estimate of a power from which to start is just the ther-
mal noise one, P(0) = n. In simulations we observe that one can be much
more aggressive with the startup power without seeing any active link diving
below vy and being killed.
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Finally, note that each link acts autonomously, so the whole
admission/rejection process is distributed. Actually, each link
may set its parameters individually.

In the previous discussions, we have always assumed that
the transmitter powers are unlimited. In reality, however,
there is a power ceiling P"%* that no transmitter may exceed
(actually, each transmitter may have a different power ceil-
ing). As a new link is powering up, active ones respond by
also raising their powers according to DPC/ALP; hence, some
active link i may be pushed against the power ceiling. Since it
cannot exceed P"#*, it will see its SIR dropping below its
threshold y as the new link keeps ramping up its power;
hence, it will cease being active (QoS dives) and may be
dropped. This would defeat the primary purpose of DPC/ALP,
which is to protect the QoS of active links at all times. Fortu-
nately, this can be remedied due to the second DPC/ALP
property of bounded power overshoots, which ensure that Pk
+ 1) < 8Py(k) for every active link i € 4. Therefore, as long
as 0 < Pi(k) < Pmx/§, the link knows that P;(k + 1) < pmax
(i.e., it can stay active in the next step). However, the critical
case is the following:

Forced dropout (FDO) under bounded powers — When an
active link’s power enters the zone Pm%/§ < P;(k) < Pmax,
the link realizes that it may not survive in the next step,
because it may not have enough power to react. At this
point it transmits a distress signal announcing its situation.

All new links receiving it (above some power level) drop

out immediately. These are the new links in the vicinity of

the active one, which are precisely those stressing the latter.
Observe that, since in practice 8 is slightly higher than 1, the
interval [P™4x/§, Pmex] is quite slim and provides a zone of
alert (red zone). The bounded power overshoot property of
DPC/ALP assures us that an active link can go from [0,
Pmax[§] to [Pme*, o) only by crossing [Pm#¥/8, Pmax], where the
distress signal is transmitted. On the contrary, under the plain
DPC, a link’s power can jump directly from [0, P7#] to [Pmax,
o) and the link cannot autonomously detect when its SIR is
about to drop below its threshold v.

Actually, from simulation experiments [66] we see that
when VDO is used the aggregate network throughput increas-
es more than 10 times (!) compared to when no dropout is
allowed; this highlights the importance of VDO in mitigating
congestion by diffusing it temporarily. Also, from simulations
of a wide variety of networking scenarios [66] we find that in
practice & should slightly larger than 1 (between 1.01 and 1.10,
providing 1-10 percent protection margin) in order to mini-
mize delay and maximize throughput. We discuss some ideas
for dynamically choosing 6 later.

Quick Noninvasive Channel Probing and
Montitoring: The Probing Concept

In the previous discussion new links drop out only after they
have tried aggressively to gain admission and failed. In the
process, they congest the channel by raising the interference
level, hence, reduce the effective channel capacity. Fortunate-
ly, it turns out that the DPC/ALP scheme can be used to
autonomously probe the channel and get a reasonable predic-
tion as to whether a link is admissible in a quick and fairly
noninvasive manner. This is based on the following fact, which
can be shown for the DPC/ALP dynamics [67].

Suppose we have a set of active links 4 on the network at
time k = 0 and a single new link, which has just started pow-
ering up in the channel (according to the DPC/ALP scheme)
with initial power P(0). We assume that:

* The channel can accommodate every initially active link i €

Ay at SIR threshold dy;.

* Initially, the SIRs of all active links i € 4 are such that y; <
R(0) < &y, (ie., powers and SIRs have previously stabilized).
Then, while the new link remains inactive, the following bounds
can be established for the evolution of SIR values R(k):
1 1
SRk S
XQ) ! X(5) 7
s YO S HY® )

for every k € {0, 1, 2, ...}(for which admission has not yet been
achieved). The parameters X(3), Y(3) can be explicitly comput-
ed [67], and turn out to have the following nice property:

lim X(8) = X(1)= X* and lim Y(8)=¥(1)=¥ *. ®)
31 81

Note that as & — 1 (recall that § > 1), the lower and upper
bounds in Eq. 7 come closer and eventually coincide. Actually,
this behavior extends to the case of multiple new links; each
has its own X*, Y* then. The above are mathematically prov-
able facts [67].

Motivated by the previous results, and looking into their
engineering meaning, we see that for § = 1 we can write for
the SIR of the new link

1
R(k) = <
51(

for every step k during which the link has not yet become
active. Note that the necessary and sufficient condition that the
new link never become active (is inadmissible) is simply
limy_,.,R(k)=1/Y*< y (recall that > 1 and the SIRs of new links
always increase under DPC/ALP). On the contrary, if y < 1/Y*, it
is easy to see (solving R(k*) =~ v for k) that the link will be

admitted after k* = (logd)~(log X* - log(y1 - Y*))
&

steps, at power P* = P, (10)

The interesting thing is that the new link can predict its
future evolution (hence, whether it is admissible or not) by
autonomously estimating X* and Y* from the first two power-
up steps only. Indeed,

8 | 1 1 1] 3 1
Moo | & F oy | e
X S—I[R(O) R(l)} and ¥ 8—1{1%(1) R(O)} (D

Since the first couple of power-up steps happen at very low
powers, P(0), P(0)d, this probing process minimally upsets the
other links in the channel. If the link determines (predicts)
that it is inadmissible it drops out immediately so as not to
stress the active links unnecessarily. Hence, the whole probing
process is quick, rather noninvasive, and obviously fully dis-
tributed and autonomous.

The previous results extend naturally to the case where
there are several new links trying for admission. Each new
link can again predict in two steps its SIR evolution in the
channel, assuming that no new link drops out. However, a link
which predicts that is currently not admissible may eventually
be admissible if some other new link drops out. Hence, to
drop out new links should use some randomized mechanism,
for example, flip a coin having probability of kicking them out
which is an increasing function of y - 1/Y*.

We hasten to add that the above are true under the special
setup introduced by the assumptions made in Eq. 7. However,
because of the simplicity of the probing, one wonders whether it
could be applied to the actual dynamic network situation to
performance. Indeed, we have checked this out by simulation,
and some preliminary results have been very encouraging [67].
In some cases, the throughput increases almost 40 percent over
the timeout-based VDO. This is due to the noninvasiveness of
the process, which induces minimal congestion. Therefore,
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probing seems to have a large practical potential, and could
be a key aspect of power-sensitive network architectures.

Associated Research Issues for
Power-Sensitive Architectures

Presented above is a justifiable approach to PC and the design

of wireless network architectures, rather than a specific tech-

nology. A few salient concepts emerge, as well as some associ-
ated design principles. In a nutshell, it pays to:

* Protect active links in order to suppress fluctuations of QoS
and inadvertent dropping of ongoing calls, as well as
smooth out the transient network dynamics (triggered by
random call arrivals)

 Voluntarily drop out when admission does not seem feasible
and stressing is detected; this streamlines the link interac-
tions and ultimately increases network capacity and reduces
admission delay

* Probe noninvasively and be aware of your channel and
resource environment to support autonomous decision
making; interesting things to know include what resources
are out there (access points, free bandwidth) and at what
cost these are available (power needed, etc.)

The DPC/ALP scheme can support these functionalities
autonomously at the link level. The SIR values measured at
the link receiver, which are needed for PC at the transmitter,
can be either transmitted back on some separate control chan-
nel (minimal control traffic) or appended to the message
acknowledgments and so forth. Actually, the basic intuition
behind the DPC/ALP scheme implies that it can be imple-
mented in practice, not necessarily using the SIR as a link
QoS measure, but some other QoS measure Q;(Py, Py, P, ...,
P;, ..., Py) for links i. The key point is that Q; should be
increasing in P; and decreasing in P; for every j # i. For exam-
ple, we could take as a QoS measure the bit/packet/message
error rate observed at the link transmitter.

In this section we focus on highlighting some key research
issues associated with PC which need to be further researched
and understood in order to develop and implement efficient
power-sensitive network architectures. One can think of this
section as a blueprint or plan for further research in PC.
Some novel ideas are introduced, some fundamental perfor-
mance tradeoffs exposed, and certain solution approaches to
the emerging problems are proposed.

Online Adaptation of DPC/ALP to Congestion

How does one choose the power-up factor 3 so as to optimize
DPC/ALP performance? Simulation of the network scenario
at hand is not quite satisfactory because it is highly case-
dependent. Actually, 6 could be dynamically estimated and
should adapt to network congestion instead of being constant.
Here is the intuition. There are a few measurcs of congestion
that can be observed online, such average admission delay,
average power of active links, and PC relaxation dynamics.
The quantity & should adapt to channel congestion (evaluated
online over intervals long enough for reliable estimation). The
idea is that when congestion decreases 8 should increase,
making DPC/ALP more agile in converging to enhanced QoS
targets &y (feasible due to low congestion). On the contrary,
when congestion builds up & should decrease, making
DPC/ALP power up more gently and converge to &y (very
close now to v; cannot be generous under high congestion),
becoming sluggish (just like plain DPC). This should be done
in conjunction with an online dynamic search (descent algo-
rithm) to obtain the minimum congestion 8. Updates of & can
be broadcast on a separate control channel monitored by the

links in a mobile computing network or through the wired
infrastructure in cellular networks. These ideas should be
explored more for online optimization of DPC/ALP with
respect to its operational parameters.

The Multichannel Case:
Channel Selection and Swiiching

We have always assumed above that there is only one channel.
In reality, however, there may be several noninterfering
(orthogonal) channels (TDMA/FDMA), each corresponding
to a group of time slots in some frequency band(s). For
CDMA channels a spreading code has to be allocated to each
user. Each node can tune into any of the channels/codes to
transmit or receive. A link of some SIR (QoS) target y may be
admissible in several channels at different powers, depending
on other coexisting links. Upon arrival, each new link can
probe several channels (randomly selected or round-robin)
and choose to access that where it can be admitted at the low-
est power (thus the fastest). The speed (two steps) and nonin-
vasiveness of probing makes it possible to examine a
significant number of channels without substantially adding to
the admission delay or overall congestion.

A link initially admitted to some channel can intermittently
probe alternative ones, hunting for another where it can
achieve its target QoS at significantly lower power (because
congestion has relaxed in that other channel since its admis-
sion due to link departures). If it succeeds, it switches to the
lowest-power channel (following a smooth transition proto-
col), trying to dynamically balance the load (congestion)
among the channels.

In preliminary simulation studies of probing-based channel
selection and switching [67] (only two channels) we have
observed up to 55 percent reduction of delays (normalized) and
40 percent of average power. The potential and particulars of
probing-based channel selection and switching should be stud-
ied more on practical designs for realistic networking scenarios.

The Minimum-Power Routing Problem in
Multihop Wireless Networking

Until now, we have been talking about single-hop links. In the
ad hoc networking paradigm, however, the network supports
multihop connections on source-destination paths, comprising
many links of certain QoS distributed over various channels.
Given a set of required source-destination connections of
specified QoS, the global minimum routing problem is to
choose the links, and the channels in which to establish each
one (and its spreading code for CDMA channels), to either
minimize the total power needed to support the connections
on the network (version 1) or minimize the maximum power
spent at any node (i.e., maximize the time until some node
dics of battery exhaustion) (version 2). This is an intractable
combinatorial optimization problem for any sizable network;
hence, one has to search for justifiable heuristics to obtain
good practical solutions. There is some good intuition to
guide us. For example, the channel/code reuse distance should
be as high as possible, and channels should be load-balanced
with respect to congestion.

A more tractable and practical case is the individual mini-
mum-power routing problem. The objective is to chose the
links/channels/codes to route a newly arrived connection
request, minimizing the total power spent on its links (or the
maximum spent on any of them) without reshuffling already
established links of previously arrived connections. By each
node probing the channels to obtain power estimates, the
problem reduces to finding the shortest path from the source
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to the destination, where the arc lengths are the powers need-
ed for establishing the links. Given the importance of power
management in mobile networking, it is worth devoting signif-
icant effort searching for practical solutions to cope with the
inherent complexities.

Node Mobility, Network Stretching and
Reconfiguration, and Probing-Based Handoffs

In all previous discussions we have assumed that the network
nodes are stationary. In reality, however, several nodes are
mobile and roaming around. PC updates the transmitter pow-
ers adapting to changing power gains G (due to node mobili-
ty), trying to maintain the link QoS requirements and preserve
the network topology (links/paths) under structural stretching
(elastic network). As a result, some powers may increase
excessively and links become too expensive to maintain. Actu-
ally, there may be some other link/channel/code configuration
supporting the same end-to-end connections at much lower
power. At this point, some links may need to be reconfigured
to lower their power. In the special cellular network paradigm,
where all links are single-hop, this is simply the base station
(access point) handoff problem, which can be handled by
probing. Indeed, while transmitting to (or receiving from) a
base station, a mobile periodically probes several links/chan-
nels/codes and estimates the power needed in each case to
achieve its target QoS, registering the best alternatives. When
its current connection degrades significantly (spends too much
power) the mobile switches to its best registered alternative.
Quick noninvasive probing makes this probing-based handoff
control scheme practical. Of course, in order for PC to be
agile and quickly adaptable to QoS changes due to mobility,
the PC relaxation timescale (time for PC algorithm to freely
stabilize) should be significantly smaller than the mobility
timescale (time in which enough link stretching has occurred
to cause significant detectable QoS change). This is another
issue that must be further explored, especially with respect to
the potential of probing-based handoff control for handling
mobility in wireless networking.

The Stochastic Basis of Power Control and
Quick Online Estimation of Link Quality

Any adaptive PC scheme basically reacts to link QoS changes
trying to maintain the QoS targets. In order to be agile and
respond quickly to changes (node mobility, channel impair-
ments) it is essential that these are detected as early as possi-
ble after they occur. The problem is that QoS is a statistical
quantity estimated online via sequential sampling of some
stochastic process (e.g., SIR). Indeed, in reality power gains
Gj; are random processes fluctuating in time, as are also
received power, interference, and SIR. PC should not respond
to random fluctuations of SIR in time, but only to average
trends reflecting true QoS changes. Identifying trends in the
presence of random fluctuations is an inherently slow process
involving time averaging. This is a key problem in estimating
QoS in terms of bit/packet error rates, time-averaged SIRs,
and so on. To allow for reliable QoS estimation the PC updat-
ing timescale (time between consecutive power updates)
should be significantly larger than the transmission timescale
(time to transmit a bit/packet/message). Traditionally, the
QoS estimation problem (SIRs, bit/packet error rates) has
been treated within the framework of sequential analysis of
stationary processes [68, 69], assuming that within an estima-
tion interval the statistics do not change much (are station-
ary). Within this framework there is a rich literature on
channel estimation in communication systems. Another way is

to take a more fundamental approach, using the framework of
the quickest detection problem introduced by Shiryayev
[70-74]. Briefly speaking, we sample a stochastic sequence X,
X5, X, ..., X, ... At some random time T a structural change
occurs, so X1, Xo, X3, ..., X7 are distributed according to F;(x),
but X741, X742, X743, ... according to F»(x). For example, Xs
could be the SIRs and 7 the random time when the mobile
turns around a corner (15-25dB drop in power gain). We
want to detect the change as soon as possible after it has
occurred. A solution can be obtained under certain conditions
[70, 71, 74] on the statistics of 7. To analyze our problem 4 la
Shiryayev, we need to use the theory of Optimal Stopping
Rules [75], adapting it to QoS estimation. To the best of our
knowledge this approach has not been tried before; we expect
it to give some useful results.

The Power Manager’s Dilemma:
To Transmit or Wait?

There is a fundamentally different twist to the PC problem
which we have to consider. Of considerable theoretical inter-
est, it is also of great practical importance in maximizing the
mobile’s battery life.

Consider a single communication link operating under
stochastic interference with stationary statistics. Time is slot-
ted. Let:

* I, be the interference seen at the receiver during time slot n

* P, the power the transmitter uses to transmit a message
(bit, packet, etc., depending on the slot definition) during
time slot 72

* 5(p, i) the probability the message is received successfully
during the current time slot, given that it is transmitted at
power P, = p and the channel interference is [, = i

The function s(p, i) is increasing in p and decreasing in i.
Messages arrive at the transmitter according to a Bernoulli
process of average rate 7 (i.e., at most one message in each
time slot with probability 7) and are queued up in a FIFO
queue with infinite buffer, waiting to be successfully transmit-
ted across the link to the receiver. The problem is to design a
power selection (control) policy to:
¢ Choose the transmitter power P, during time slot n
* Based on past and present interference values {Iy, k < n}

and past chosen power levels {Py, k < n} (the interference

is measured at the beginning of the time slot right before
the power is chosen)
¢ So as to minimize the average power consumption
= . 1

P=th‘%mﬁ yl:]:1P”

* While keeping the transmitter queue stable with average

message delay less than d
given 1) the statistics of {I,,} (e.g., a Markov chain switching
between various interference levels) and 2) the success proba-
bility s(p, i) (reflecting the channel model). Hence, the objec-
tive is_to maintain the QoS, as expressed by throughput 7 and
delay d, using the minimum possible average power.

For example, consider the simplest possible class of policies,
where a threshold 7* is chosen and the link transmits at power
P* (always the same) if I, < I'*, and idles otherwise. Intuitively,
we expect it to idle during interference highs, waiting to trans-
mit when the lows appear using lower power; however, too
much waiting increases the average message delay and can
cause the queue to explode. Surprisingly, this problem has
been little studied in the past, despite its obvious importance
for power savings. We have recently looked at some of its ele-
mentary aspects and have seen that even with simple policies
we can achieve substantial power savings [76, 77; see also
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Additional Reading 8, 9]. It is clear that much more needs to
be done in this research direction.

Error-Driven Power Management

Another interesting approach to power management at the
link level has been pursued by Zorzi and Rao [55-58], focus-
ing on error control under given fading statistics of the wire-
less channel. The objective here is to maximize the mean
amount of data delivered per unit of energy consumed.
Modeling the channel fading statistics as having Markovian
structure, they have analyzed extended automatic repeat
request (ARQ) schemes which tend to cease transmitting
when they sense that the channel is bad so as not to spend
power in vain when the chances of successful reception are
slim. To do that, when the transmitter does not receive suc-
cessful reception acknowledgments for a while it infers that
the channel is bad and switches to a dormant “probing
mode.” In that mode it intermittently probes the state of the
channel by transmitting short test messages which spend lit-
tle power and also add little to congestion; by the acknowl-
edgment response the transmitter infers the channel state.
As long as the channel is bad (deep fading) the transmitter
stays in the probing mode. As soon as it estimates that the
channel is again up it switches back to the normal ARQ
transmission mode. The cycle is repeated indefinitely as long
as there are data (packets) to be sent. This approach is
somewhat related to that presented in the previous subsec-
tion, but there are some significant differences regarding the
optimization goals and metrics. It is interesting to note, how-
ever, that preliminary results under both approaches seem to
agree quite well and be compatible. This points to the fact
that there is an opportunity here for multiobjective optimiza-
tion, which needs to be investigated much more deeply since
it has the potential to provide significant power savings at
the transmission link level.

Power-Sensitive Wireless Network Architectures

The previously discussed concepts snd ideas are essential ele-

ments of a power-sensitive network architecture as described

in this article. There are, however, many other important
related considerations, including:

* Network startup and synchronization (after being turned on,
how nodes find out about each other and self-organize into a
network, maintaining some acceptable level of synchronization)

¢ Node-bandwidth allocation (how to dynamically allocate
time slots at nodes to various communication sessions given
the traffic demands, CDMA signal acquisition times, and
successful reception probabilities)

* Routing and path reconfiguration (how to choose connec-
tion paths through the network and reconfigure them when
necessary)

In the limit of very high mobility (speed), network syn-
chronization and organization are very difficult to maintain
and communication is better supported on an asynchronous
random-access (Aloha-like) basis. Under reasonable mobili-
ty, however, we can set up a synchronous network structure
to reap several benefits related to throughput, QoS, PC,
network intelligence, and so forth. The detailed design and
fine-tuning of an efficient network architecture is of course
a far-from-trivial matter [Additional Reading 1, 3, 7]. It
would heavily depend on the networking scenario at hand
(ad hoc, cellular, high/low mobility, etc.). Discussing specific
architectures is beyond the scope of this article; its objective
is to lay out some general concepts and coherent principles
rather than address specific scenarios. The latter is the sub-
ject of intense further research, some of which is currently
underway.

Concluding Remarks

We have identified a number of key concepts and issues con-
cerning the potential of adaptive power control in wireless
networking. A synthesis of these concepts has led to a justified
framework for power-sensitive architectures based on the
DPC/ALP/VDO/FDO/Probing suite of algorithms. Important
related issues of quick QoS estimation, power conservation,
and so on have also been highlighted. This is a first step
toward designing power-sensitive wireless network architec-
tures. Much further research is needed to reach good techno-
logical solutions for power management in the next-generation
wireless networks.
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