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Abstract. In the near future many radio access technologies (RATs) will coex-
ist to offer a vast variety of user services at different quality levels. Software-
defined radio (SDR) facilitates to flexibly choose the RAT by means of a
software-reconfiguration of the SDR terminal. Cognitive radio automates this
process, being an ambient aware, intelligent radio resource management sys-
tem. We extend its scope in that we introduce the cognitive computing resource
management. Our cognitive radio system scans the computing environment, de-
cides whether to reconfigure a candidate SDR mobile terminal or not, and
learns from the effects of these decisions. The simulations, which model a sim-
plified though realistic case study, show that two simple computing resource
management algorithms outperform an algorithm that is unaware of the present
computing environment. The paper concludes that a cognitive computing re-
source management is necessary for providing a ubiquitous wireless access
where the user demands are satisfied as a function of the currently available
computing resources of their terminals.

1 Introduction

Today’s wireless communications can be described as a heterogeneous mix of radio
access technologies (RATs). The emerging 3" generation (3G) systems, for example,
neither pretend to substitute the worldwide available access to 2™ generation (2G)
services nor directly compete with wireless local area networks (WLANSs). These
RATSs will rather coexist and complement each other: 2G systems offer worldwide
roaming for carrying voice traffic and low-volume data. 3G systems will offer higher
data rates for many different classes of multimedia services. WLANSs locally offer
very high data rates at lower cost. This view of cooperative rather than competitive
networks facilitates the ubiquitous wireless access.

An intelligent (radio) resource management system is necessary to fully exploit the
heterogeneous and dynamic wireless access networks of today and tomorrow. Such a
system should observe the environment and react intelligently upon its changes. This
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idea is known as cognitive radio [1] [2]. Cognitive radio is an ambient aware system
that automates the joint radio resource management (JRRM). JRRM refers to the
coordination of the spectrum management of the different RATs that are accessible
within a certain area.

The cognitive radio concept is an extension of software radio or software-defined
radio (SDR) [3]-[5], which was coined in the early 90s. Software radio has led to a
conceptual change in radio communications, from inflexible and hardware-centric to
software-reconfigurable mobile terminals and network elements. In particular, the
signal processing chains for radio communication of SDR platforms are to some ex-
tent defined in software and executed on programmable hardware. Then, a simple
software switch can change the operational mode of an SDR platform to use a particu-
lar radio access technology for establishing a radio link between the communicating
entities.

Future SDR platforms will contain some number of programmable processors,
such as general-purpose processors (GPPs), digital signal processors (DSPs), or field-
programmable gate arrays (FPGAs) [6]. An SDR mobile terminal will comprise a
few, an SDR base station many of these processors to provide sufficient processing
power for the execution of SDR applications. An SDR base station will execute many
SDR applications in parallel, one for each user. Although this paper deals with SDR
mobile terminals, the introduced concepts and conclusions can be directly applied to
SDR base stations.

In future, the software-defined signal processing chains for many RATs will be
available on servers. It is not envisaged that more than one RAT-specific signal proc-
essing chain, the active one, will be locally available on an SDR mobile terminal,
because of its memory constraints and the steady evolution of RATs. Therefore, be-
fore the reconfiguration of an SDR mobile terminal, the new RAT-software is
downloaded form the network using a radio link (over the air, or OTA, download) [7].

We consider software radio as an application of general-purpose computing, where
the software, or application, defines the hardware functionality: An SDR application
represents the signal processing chain that defines the radio functionality of an SDR
platform. Hence, software-defined radio is not only about radio but also about
computing [8].

In this paper we extend this vision of computing resource management to cognitive
radio systems. Our cognitive radio system analyzes the computing environment and takes
intelligent decisions from its observations and the accumulated knowledge (section 2).
We simulate a real-world scenario to demonstrate the importance of cognitive computing
resource management for a ubiquitous wireless access (sections 3-5).

2 Cognitive Computing Resource Management

Cognitive radio, introduced in the late 90s, is an ambient aware system that reacts
upon changes in the radio environment. It incorporates a learning mechanism and is,
thus, an intelligent system that pretends to optimize the usage of radio resources [9].
We already argued for the importance of computing resource management in soft-
ware-defined radio [8]. In this paper we correspondingly extend the scope of cogni-
tive radio introducing the cognitive computing cycle, which observes and intelligently
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manages the computing resources of SDR platforms. Some arguments for this exten-
sion are the expected commercialization of software-defined radio and the vast variety
of SDR platforms.

Fig. 1 shows the cognitive computing cycle. It continuously scans the computing
environment and provides any changes to the computing resource management
(CRM) entity, which decides upon an appropriate action. The CRM entity is the brain
of the system; it reacts upon its inputs and its current knowledge. This knowledge is
accumulated during the learning process of the CRM algorithm, which observes the
effects of its decisions (learning-by-observing). Hence, the cognitive computing cy-
cles has to run continuously.

Computing
environment

Hardware
information

Action:
reconfiguration

Computing
resource
management

Available
software
downloads

Computing-
scene
analysis

Computing resource
occupation & availability,
analog circuitry

Fig. 1. The cognitive computing cycle

Let us consider a simple example: In a certain area two radio access technologies,
RAT A and RAT B, are supported. If the radio resources of RAT A are overused,
while those of RAT B are not (radio scene analysis, see [9]) and if the network infra-
structure, including software downloads, and mobile terminals facilitate a switch to
RAT B (computing scene analysis, see Fig. 1), the action could be to reconfigure
some mobile terminals to access RAT B. This paper argues that such a scenario re-
quires a cognitive computing resource management that should be able to initiate the
reconfiguration of the appropriate SDR mobile terminals.

The computing resources of emerging SDR platforms are and will be limited. Even
though the computing power may once grow faster than its requirement, related is-
sues, such as energy consumption, will not become obsolete even in the far future of
radio communications. It is therefore necessary to optimize the usage of SDR comput-
ing resources to facilitate an anytime, anywhere, and anyhow wireless access. In par-
ticular, we expect that many cognitive computing cycles will be globally distributed
and coordinated to intelligently use the available computing resources of SDR plat-
forms and, thus, provide a ubiquitous wireless access where the user is unaware of the
RAT that satisfies its service demand.
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The computing cycle of Fig. 1, which addresses the intelligent reconfiguration of
SDR mobile terminals, can be easily extended to aid the reconfiguration of SDR net-
work elements as well. Although network elements are less critical in terms of com-
puting power, their intelligent management can greatly reduce power consumption
and, thus, reduce the operational costs. The rest of the paper does not study these
aspects but rather pretends to demonstrate the need for a cognitive computing re-
sources management in future wireless communications. Therefore, we consider a
typical case study and evaluate three simple CRM algorithms or policies. Without loss
of generality, we focus on the cognitive management of SDR mobile terminals.

3 Case Study

The spectrum scanning at a certain time and area with 2G and 3G coverage shows that
the number of GPRS (general packet radio service) sessions is elevated. Some of
these terminals should be reconfigured to operate in another mode to increase the
network capacity and, thus, potentially satisfy more users. We assume that the UMTS
(universal mobile telecommunications system) radio resources are underused and that
the necessary infrastructure is available. A reconfiguration of some of the SDR-GPRS
terminals to access the UMTS RAT would balance the traffic load between the two
standards so that penetrating 2G mobile terminals, as opposed to SDR mobile termi-
nals, could still initiate their GPRS sessions.

This case study considers 15 000 SDR-GPRS mobile terminals of different archi-
tectures and computing loads. The objective is to reconfigure any SDR-GPRS mobile
terminal that provides the necessary computing capacity for executing the SDR-
UMTS signal processing chain instead of the SDR-GPRS application. We assume that
additional, non-RAT-specific applications may concurrently run on an SDR mobile
terminal. Hence, part of a platform’s computing resources may momentarily not be
available for the SDR-UMTS application.

The CRM algorithms, which we describe in continuation, evaluate the reconfigura-
tion of each SDR mobile terminal separately, that is one by one; they either initiate
the reconfiguration of a particular terminal or not.

3.1 Computing Resource Management Algorithms

Baseline Algorithm (Alg_0). Algorithm O is not aware of the SDR mobile terminals’
computing capabilities and, thus, initiates the reconfiguration of any candidate SDR
terminal. A terminal that does not have sufficient computing capacity to execute the
SDR-UMTS signal processing chain fails in applying the requested reconfiguration
and, consequently, loses its currently running session. The system chooses the 384
kbps UMTS realization because it offers the best quality of service.

CRM Algorithm 1 (Alg_1). Algorithm 1 uses the supplied hardware information. It
reconfigures mobile terminals as a function their hardware capacities and the avail-
able reconfiguration information. This information is successively accumulated dur-
ing the learning process: If a mobile terminal loses its session due to an unsuccessful
reconfiguration (infeasible mapping, which means that the system’s computing or
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timing requirements are not met), terminals of these characteristics are not considered
again for reconfiguration.

The system, furthermore, dynamically chooses the particular UMTS realization as
a function of a terminal’s processing capacity; it selects the UMTS realization as a
function of the terminal’s total processing capacity Pr:

384 kbps UMTS if Pt > Tsgq,

128 kbpS UMTS if T128 < PT < T3847
64 kbps UMTS if Tgy < Pt < T)2s,
no reconfiguration if Py < Ty,

Later we specify the values of the thresholds Tsg4, T2, Tes-

Some services may not be maintained at the same quality when implementing a 64
kbps or a 128 kbps instead of a 384 kbps UMTS receiver. Here we assume that the
users are willing to accept a possible quality degradation for the sake of a ubiquitous
wireless access. Typically, a user prefers a lower QoS than no service at all.

CRM Algorithm 2 (Alg_2). Algorithm 2 is an extension of Algorithm 1. Initially, the
same three thresholds are defined. The learning process is, though, slightly different:
If a reconfiguration to the 384 kbps (128 kbps) realization has failed, the next terminal
of the same characteristics is considered for reconfiguration to 128 kbps (64 kbps)
UMTS. Unfeasibly mapping the 64 kbps UMTS processing chain means that this kind
of terminal will not be considered for reconfiguration again.

3.2 SDR Platforms

Fig. 2 shows 3 SDR mobile terminal types. Fig. 2a illustrates a full-duplex architec-
ture, where all three processors Py, P,, and P; are interconnected by dedicated com-
munication lines. The half-duplex architecture of platform II permits a more flexible
bandwidth assignment between any two processors. Finally, the bus system of Fig. 2c
permits a flexible assignment of the platform’s bus bandwidth. The application map-
ping process (subsection 3.4) implicitly handles the necessary bus scheduling in case
of architectures II and III.

These platform types represent a small, though representative, excerpt of the nu-
merous possible SDR mobile terminal architectures. P in Mops (million operations
per second) and B in Mbps (mega-bits per second) define a platform’s processing and
bandwidth capacities after the projected deallocation of the SDR-GPRS transceiver
functions. Each terminal’s computing capacity then consists of the total processing
capacity Pr=3 - P and the total bandwidth By =6 - B.

This case study addresses 5000 SDR mobile terminals of each type. Their comput-
ing capacities are randomly obtained, where P and B are uniformly distributed in
[2700, 2750, ..., 4200] and [200, 250..., 1500]. This way we simulate SDR platforms
of different architectures and computing loads.

We assume that the 15 000 SDR-GPRS platforms contain the analog RF circuitry
that is necessary to operate in UMTS mode. We address the digital signal processing
part at the physical layer of an UMTS downlink receiver (see next subsection) and
presume that additional computing resources for implementing the higher protocol
layers and the UMTS uplink transmitter are sufficiently available.
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(b)

Fig. 2. SDR platform types: I full-duplex (a), II half-duplex (b), and III bus (c) architectures

3.3 SDR Applications

Figs. 3 and 4 show the computing requirements of the chip- and bit-rate processing
chains of a UMTS downlink receiver supporting the raw data rates of 64, 128, and
384 kbps. We obtained the processing and bandwidth demands from [10]—[13] and
from available implementations, considering that a processing requirement is the
number of multiply-accumulate operations times the required processing frequency.
Similarly, the bandwidth requirement is the sampling frequency fs multiplied by the
number of bits per sample.

The three processing chains require a minimum processing capacity of 8133, 8301,
and 9403 Mops. Because the total processing capacity Pt = 3 - P of an SDR platform
takes the values 8100, 8250, ..., 9300, 9450, ..., 10 350, the CRM entity straightfor-
wardly specifies thresholds Te4, T and Tsgq as 8250, 8400, and 9450 Mops. We
introduce T 384 = T84/ 3, T 125 = Ti28/ 3, and T’ g4 = T4/ 3 for a simplified notation.
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Fig. 3. Chip-rate computing requirements of a UMTS downlink receiver
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Fig. 4. Bit-rate computing requirements of a 64 / 128 / 384 kbps UMTS downlink receiver
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3.4 Application Mapping

The SDR mobile terminals of this case study are equipped with the -mapping algo-
rithm [8], which maps the downloaded SDR-UMTS processing chain to the plat-
form’s available computing resources. The SDR functions are mapped one by one to
all processors minimizing the sum between the computation and the communication
costs. A bandwidth is reserved if two communicating processes are mapped to differ-
ent processors; otherwise, the data is accessed via shared memory. The mapping of
each SDR function to all N processors results in N different mapping options of the
entire processing chain. The algorithm then chooses the least-cost solution.

The low complexity of this mapping approach greatly facilitates its implementa-
tion. Since being non-optimal, it does not always find a feasible solution. A feasible
solution, or feasible mapping, reserves no more than 100% of any computing resource
and, hence, meets the RAT-specific computing constraints. In particular, a feasible
mapping can meet the timing constrains because our SDR system modeling considers
time as an implicit resource [8].

4 Results

Fig. 5 shows the number of lost sessions as a function of the SDR platform index. It
shows that the curves corresponding to Alg_1 and Alg_2 saturate, indicating the
learning process: Alg_1 and Alg_2 learn which terminals can be feasibly reconfigured
and which not. Alg_0, on the other hand, constantly loses user sessions, because lack-
ing any hardware information.

Figs. 6a-c show the evolution of successful reconfigurations as a function of the
CRM algorithm and the platform type. Fig. 7 presents the number of operating SDR
terminals after the 15 000 test cases and their operational modes. Then, the sum be-
tween the remaining SDR-GPRS mobile terminals, the 64 kbps, 128 kbps, and 384
kbps UMTS sessions, and the number of lost sessions due Fig. 5 is 5000 for each
platform type.

Figs. 8-10 illustrates the accumulated mapping information, which is obtained dur-
ing the learning process of the two CRM algorithms. (The complete information, as
shown in Figs. 8-10, is only partially obtained during the first 5000 terminals of each
type.) The topmost level (level 3 - 384 kbps) indicates that the corresponding (P, B)-
tuples can be feasibly reconfigured to 384, 128, or 64 kbps UMTS. The second level
indicates that the corresponding terminals can be feasibly reconfigured to the 128 or
the 64 kbps realizations, whereas the first level means a maximum achievable bit-rate
of 64 kbps. Any P-B crossing at the bottom level of Fig. 8, 9, or 10 symbolizes an
insufficient computing capacity (processing or bandwidth capacity, or both) for oper-
ating in a UMTS mode due to the particular CRM algorithm and application mapping
process. These figures explain the results of Figs. 5-7, which we analyze in more
detail below.

Fig. 5 shows that the number of lost sessions is the highest for the SDR mobile ter-
minals of type I and the lowest for those of type III. Correspondingly, the number of
feasible reconfigurations is the lowest for the terminals of type I and the highest for
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Fig. 5. Number of lost sessions as a function of the CRM algorithm and the SDR platform
index for SDR platform types I (a), I (b), and III (c)
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Fig. 6. Number of feasible reconfigurations as a function of the CRM algorithm and the SDR
platform index for SDR platform types I (a), II (b), and III (c)
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Fig. 7. Final number of non-reconfigured and feasibly reconfigured SDR mobile terminals of
platform types I (a), II (b), and III (c)

those of type III (Fig. 6). The inflexibility, the partial flexibility, and the total flexibil-
ity in the bandwidth assignment of architectures I, II, and III, as discussed in section
3.2 and reflected in Figs. 8-10, explains this.
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8. Accumulated mapping information due to the learning process of Alg

Fig.

(b) for SDR platform type I

9. Accumulated mapping information due to the learning process of Alg

Fig.

(b) for SDR platform type II

Alg_0 either feasibly reconfigures an SDR-
UMTS realization or loses the current user session. Alg_1 and Alg_

sessions than Alg_0 because they either do not reconfigure those SDR-GPRS termi-
nals that momentarily cannot operate in the 384 kbps UMTS mode or reconfigure

them to a lower bit-rate UMTS realization. Alg_2 loses more sessions than Alg_1
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corresponding curves in Figs. 5 and 6 indicate that Alg_1 behaves better than Alg_2

for a low number of reconfiguration intents, whereas the higher their number the more
pal objective is to lose less sessions or reconfigure more terminals; it is a trade-off

efficient becomes Alg_2. The algorithm selection finally depends whether the princi-
between losing less sessions and reconfiguring more terminals.

Fig. 10. Accumulated mapping information due to the learning process of Alg_1 (a) and Alg_2
(Fig. 5) but also feasibly reconfigures more terminals (Fig. 6). The shapes of the

(b) for SDR platform type III

Fig. 7 shows that many more of the 5000 SDR mobile terminals of each type re-
main in operation when applying Alg_1 or Alg_2 instead of Alg_0. In other words,

tive radio. We have coined it cognitive computing resource management because it

intelligently reconfigures SDR platforms as a function of the current state of the com-

This paper has introduced the concept of computing resource management in cogni-
puting environment. A simple case study has

our cognitive computing resource management proposal can satisfy more users in

such a heterogeneous wireless scenario.

5 Conclus

potentials of our proposal in a heterogeneous radio environment.

Similarly to the insight that the problem of radio resource scarcity is actually a

problem of an appropriate radio resource management,

that a cognitive computing resource management may leverage the introduction of

SDR platforms and applications, introducing flexibility in accessing a radio service

computing resource management in radio communications. In particular, we believe
for the sake of a ubiquitous wireless access.
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