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Abstract: We present the design of a rapidly deployable backbcommunications system for disaster response.
Although work on the system began in 2000, it iemded for disasters like those that occurred qicBeber 11,
2001. It illuminates the disaster site with RF thapports high-capacity (100 base T or Gigabit &t links to the
outside world. Operating initially at 28 GHz wihs GHz version now under construction, it useslimaof-sight
(NLOS) “bounce paths” of opportunity to provide esage at shadowed locations. Since at these fnegsgemost
building walls and terrain features are electro medigally rough, the radio paths are highly dispersand require
careful characterization for optimum radio perfonoe. In order to identify such paths of opportyrEind study
their characteristics, we developed an impulse mblasounder based on ultra wideband technology. iWhe
perfected, it will allow our system to identify theest path and set the radio parameters for optimuatity of
service. Since the channels encountered in a gligaster situation may differ significantly frotmose anticipated
or previously experienced, our goal is to use thender output to drive a cognitive engine that wahtrol the
radios. We present our genetic algorithm basedeimentation of a cognitive radio and outline ouand for
implementation and testing a cognitive versionuf®ystem in the 5 GHz band.

1 Introduction service was to adapt satellite modem technologyuser

in the 28 GHz LMDS band. This approach was
In 2000 our group in collaboration with colleaguss convenient for us, since Virginia Tech owns the L$ID
SAIC began developing a broadband communicationspectrum in our part of Virginia. In 2000-2001xefl
system for use in response to disasters like ttlose wireless technology advanced rapidly and the
occurred on September 11, 2001. It is intended focommercial LMDS market collapsed, and 155 Mbps
deployment at a disaster scene where alpoint-to-point operation in the unlicensed 5 GHndba
communications infrastructure has been destroyeshin became commonplace. While this paper presents data
area several kilometers on a side — exactly whator our 28 GHz system, we are now moving forward
occurred at the World Trade Center. The systenwith a 5 GHz demonstration system based on
operates by using one or more hub stations on theommercial radio technology modified to include
periphery to flood the disaster scene with RF thasignificant cognitive radio functions. See [2] frfull
supports high-capacity (100 base T or Gigabit Etb®r discussion of the technological and social charigas
backbone links to portable remote stations witlia t followed 9/11/2001 and their influence on the pctje
disaster area. See Figure 1. The remote stationsn
support a mix of individual workstations, routers, — _4&
802.11 wireless LANSs, etc. The hub connects to the iigEGR—.
outside world through surviving optical or copper! '
circuits available at the edge of the disaster arehy
satellite or microwave point-to-point links to such
circuits. The overall goal is to provide high-caipa
Internet access to all workers on the disasteresegn
to do it quickly. Fire and rescue personnel depend
this access in order to use a variety of managemel
tools, and it provides an excellent way to link the
diverse land mobile radio networks whose lack of
interoperability seriously hampers response to majo
disasters. See [1] for full details.

At the time we began the project, broadband fixec
wireless was in its infancy. |EEE 802.11 systemsFigure 1. Disaster Communications System Concept
operated at 11 Mbps and were primarily used faceff

LANs. The best possibility for obtaining 100 Mbps




While 28 GHz operation normally implies point-to- decisions regarding system configuration. It isgilole
point line-of-sight (LOS) operation, coverage may b to use the digitized sounder output as input teretc
extended by taking advantage of diffracted sigaamld  algorithm that can determine the best system
particularly of “bounce paths” incorporating refiens  configuration for the given environment.
from building walls and terrain features. The
combination of short wavelengths and highly The channel sounder implementation is a combination
directional antennas associated with 28 GHz systemsf ultra-wideband technology at the transmitter and
makes the propagation environment rather differenvery precisely controlled sampling at the receive.
from that in the 1-2 GHz spectrum well known to train of short RF pulses is transmitted at a rhtd ts
engineers who work with cellular telephone and IEEEvery precisely controlled by GPS clock information.
802.11 systems. Almost all reflecting surfaceseapp The receiver samples the incoming waveform at a
rough at 28 GHz, and diffuse scattering (rathemtha slightly lower rate than the transmitted pulse titjo@
specular reflection) dominates. Received signalaat rate. One sample is recorded for each transmitted
consist of discrete multipath components, and s$igngoulse, but the effective sampling time for each
amplitudes are not Rayleigh or Ricean distributeda  successive pulse is slightly later in each trarschit
shadowed area (one in which no clear LOS pathdo thpulse period. In this way, it is possible to restonct a
transmitter exists), a receiver with a directioaatenna single channel response based on the transmis$ion o
can often find one or more good bounce paths #ia t multiple pulses. For a more complete descriptibtine
advantage of scattering by building walls. Becaofse channel sounder operation, see [1].
their rumored short lifetimes and dispersive
characteristics, such “paths of opportunity” ardiitie We have integrated the channel sounder in a p&8of
commercial interest, but they may be invaluable inGHz radios. Fig. 2 shows the transmitted pulseFRigd
disaster situations. We discuss their characigsish 3 is a typical channel sounder output capturednduri
Section 3. our experiments. Note that Fig. 3 shows the &ffe€
diffuse scattering and multipath on the receiveldgu
We expect diffuse scattering to be less importaré a
GHz, but at this time experimental evidence is ilagk
Rough surface scattering at 28 GHz is of interesnf
an electromagnetics perspective, while 5 GHz effect
are more important for near-term system deployment
We are investigating path characteristics in bathds.

In order to identify paths of opportunity and stutigir
characteristics, we developed an impulse channe
sounder based on ultra wideband technology. Whe =
perfected, it will allow our system to identify theest

path and set the radio parameters for optimum tyuali

of service. Since the channels encountered invangi .
disaster situation may differ significantly fromote ° : ? e ’ :
anticipated or previously experienced, our go&biase
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Figure 2. Pulse transmitted by the broadband channe

the sounder output to drive a cognitive engine Widlt g, \nder. The plot shows amplitude in volts verims t
control the radios. Section 2 discusses the sousui® in ns.

Section 4 presents our genetic algorithm based

imp!ementation of cogr]itive radio. _ In Section 5 We By comparing the transmitted pulse in Fig 2 to the
outline our plans for implementation and testing agceived waveform in Fig. 3, it is possible to agtrthe
cognitive system in the 5 GHz band. channel impulse response. The channel impulse

o response contains information regarding the distort
2TheVirginia Tech Channel Sounder introduced by the channel. In the case of Figt3s i

. ) L clear that the receiver first sees about 20 nsnefgy

One of the key attributes of the system is thegiBon ¢ qoes not look like the transmitted pulse foba
of a novel, low-cost, broadband channel soundep, , rejatively undistorted pulse at around 30 fise
developed at Virginia Tech [3]. In essence, thentlel  initia| energy seen at the receiver is a combimate
sounder takes a snapshot of the channel impulsg iple pulses reflected from a rough surfacefiit
response and passes it on to the system.  Thigaiering) while the pulse seen at around 30 re is

information can then be used to make intelligentgpecyjar reflection from a relatively smooth suefac
estimates of possible link performance and intefity g4 phenomena contribute to changes in the



communication link performance and both need to behannel in software, and ran several Monte Carlo
characterized in order to drive the genetic alpong  simulations to quantify the effect different difeus

necessary to control the cognitive radio process. scattering channels had on communication links.e Th
results were interesting in that they showed that

increasing the symbol rate in some channels doés no

necessarily decrease the performance. This suggest
that the standard practice of estimating a chasnel’

. Il | coherence bandwidth and using that value as the

I maximum permissible data rate may be inadequate for

o ; T — i llﬁ\ fixed broadband wireless communications, at least o
|

Amplitude (V)
°
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i bounce paths.

Work is continuing at Virginia Tech to determine ath
| | metric or metrics are more suitable to charactegizi
| these channels. Early results show that ampliarte
group delay variation across the band of interesicc
B : e : ’ ! be used to better describe the quality of the [Gik It
Figure 3. Typical broadband channel sounder outputnay also be possible to calculate the actual colere
The plot shows amplitude in volts versus time in nS bandwidth of the channel rather than estimate itgus
established empirical formulas that may only bedval
3 Characteristics of Bounce Paths for other, more well-behaved channels.

For many applications at relatively low frequenciiés
is generally accepted that the reflections causing The Genetic Algorithm Approach to Cognitive
multipath are primarily specular. That is, boupe¢hs Radio
from a single surface consist of a single reflectid he
signal may be attenuated, but the energy is nataspr In [7], Rieser et al. propose a cognitive radio
over time. However, as the frequency increasehdo architecture based on genetic algorithms. Most
level where the signal wavelength is on the ordehe  traditional radios have their technical charactessset
height of the surface irregularities, significangrel  at the time of manufacture. More recently radiogeha
spreading may occur. Experiments conducted apeen built that self adapt to one of several sévera
Virginia Tech utilized radios operating at 28 GHz preprogrammed RF environments that might be
where the wavelength is approximately 1 cm. Athsuc encountered. ~ Cognitive  radios  go  beyond
small wavelengths, many surfaces look rough and argreprogrammed settings to operate both in known and
therefore more likely to produce diffuse scattering unknown wireless channels. Most cognitive computing
systems to date have been based on expert systeins a
In [4], Dillard, et al. showed that at 28 GHz, limestone neural networks. Such systems can be quite biiitle
walls exhibit significant diffuse scattering witmergy  the face of unknown environments or else they requi
arriving at the receiver as long as 75 ns after thé&xtensive training.
specular reflection was received. The severity and
duration of the diffuse scattering also dependednen The model in [7] is based on biologically based eisd
path geometry and the transmitter and receivepf cognition inspired by child development theoras
placement. When the transmitter was closer to thé&wo-way associative learning through play. Our
surface than the receiver, the excess delay waerlar cognitive model imitates the ability of young mintis
Both results show that the assumptions made iniegis adapt rapidly to new situations. We found genetic
lower frequency systems (specular multipath andRlgorithms well suited for this task because ofirthe
symmetric link performance) are not valid for roughability to find global solutions to changing sobui
surfaces +.e., for 28 GHz bounce paths. New methodsspaces that are often quite irregular. Geneticrtgos
need to be devised to characterize what the abssfnce are (a) able to synthesize best practices throhgh t
these assumed conditions means to the quality ef thcrossover operation and (b) enable spontaneous
communications link. inspiration and creativity through the mutation
operation. We devised a multi-tiered genetic athani
Very little has been published concerning the ¢ftéc  architecture that allowed sensing of a wirelessnokh
diffuse scattering on communication link performanc at the waveform or symbol level, on-the-fly evoduti
In [5], Miniuk collected several channel impulse of the radio’s operational parameters, and cogmitiv
responses using equipment similar to [4], modehed t functions through use of a learning classifier, anet



genetic algorithm, short and long term memory andThe genetic algorithm (GA) essentially searchesHer

control. Fig. 4 shows the architecture. best HMM of a given observed symbol level error
stream and generates a channel model that is
Wireless Radio statistically similar to the observed wireless afelnin
Channel System |4 System
control [8], we showed that the WCGA could produce a
‘ parameters wireless channel model of an error stream deriveoh f
N Wirel ess Channel Wireless System a measured channel impulse response that closely
“Detect | Gepetic Algorithm Genetic Algorithm w i
Channel” | G ety ATCZ_lzen” match_es the actually measureq bit error rate (BER)
behavior of a broadband wireless channel. This
Channel Model | Systerm System evaluation experiment showed that the “sensing” portion of the
Chromosome par ameters function, chromosome " K X
A4 A4 structure, tagsiternplates - COgNitive radio architecture matched real worldstes
Systern Monitor Chromoesome
“Hewr to 4 Peer . .
play” Clognitive System Monitor Radios The WCGA uses are error stream for the input, wkdch
(C3M) Meta-Ga, Memory) a train of symbols representing the number of bibrs
Figure 4: Biologically Inspired Framework for P€r symbol. For the WCGA to produce an accurate
Cognitive Radio Based on Genetic Algorithms [7] model, many thousands of error symbols must be

collected, which would require a long training
The Wireless Channel Genetic Algorithm (WCGA) sequence, taking both time and bandwidth. A more
allows modeling of any wireless channel error strea compact and efficient approach to channel modekng
using the compact form of a Hidden Markov Modelto utilize the information collected by the channel
(HMM). For more discussion of HMM modeling of sounder.
wireless channels please see [8].

While the channel sounder response can provide an
Several chromosome structures were devised thainmediate understanding of the channel, the data
allows the representation of wireless channels. Aneceived from the sounder is large and bulky. Bypgis
example of an HMM and the equivalent WCGA the channel sounder response, a model of the chsnne
chromosome is shown in Figures 5 and 6 below. derivable by simulating the channel as a filtertmain
impulse response derived form the channel sourder.
random bit sequence passed through the simulated
channel will produce an error sequence. The WCGA
can now receive an error sequence without the redjui

The HMM of Figure 5 has N = 3 states and M = 2
possible outputs from any state.

A E m P
overhead of a training sequence.
Ay | A | A B | By | m | Ty | T | 9 q
Aﬁl A—QQ A;B BQI B:u . . . .
s By | Bag Because we are interested in a statistical modéhef

channel, we can use the simulated channel instéad o
the true error sequence. The Hidden Markov Model of

the channel developed by either a true error semuen
|A11‘Au|A13|A21‘An|A23|A31|A32‘A33|Bu‘Buananlel‘Bsilfﬁ|1'Dz‘Tﬁs[ p y

. ] a simulated error sequence is still a statistical
Figure 6: Chromosome Structure for a HMM [7] representation of the channel. However, this

representation is very small compared to the cHanne
sounder data and is capable of representing theneha
equally well.

Figure 5: A Generic HMM [7]

The WCGA algorithm works as follows:

1. Initialize population of HMM chromosomes

2. Repeat until stopping criterion _ )
. Choose parent HMM chromosomes Fig. 7 shows how well-matched the simulated channel

C is to a theoretical AWGN channel. The WCGA was
. rossover parent chromosomes to create new . .
then used with the simulated error stream to devalo
HMM chromosome . I L
channel model with the statistics represented ¢ 8j
e Mutate new HMM chromosomes . .
Reolace HMM ch which shows a histogram of the number of errora of
eplace ¢ r_omosofmes certain burst length over the channel. Fig. 9 thleows
* Evaluate statistics of output sequence p, el matched the HMM representation of the
produced by new HMM chromosome channel is compared to the simulated channel, and

population . therefore, how well matched the HMM representaison
3. Choose best HMM chromosome from final compared to the actual channel (via Fig. 7).

generation
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Figs. 7, 8, and 9 are the subject of a paper wengtdal

to the Microwave Theory and Technique Society’s
2004 International Microwave Symposium that has not
yet been published [8] LEOL 4™~
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The CSM genetic algorithm consists of a learning

4 classifier function that classifies the observedriel
109 2 10 12 model received from the WCGA or broadband channel

6
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Fig. 7. A simulated model of an AWGN wireless
channel versus the theoretical channel.

sounder and a meta-genetic algorithm that detegmine
the appropriate fithess function, chromosome stinect

and tags and templates using the crossover operator
based on knowledge from its short and long term

1300 memory as well as the creative new solutions géeera
ﬁgg 1 from its mutation functions.
g 1338 The GA approach to adapting a wireless radio pesvid
% 800 many benefits. First, it is a chaotic search with
8 700 controllable boundaries that allow it to seek oot a
5 6001 Osimulated] — discover unique solutions efficiently. In  unknown
< 500 . . .
S 00l channels, chaotic behavior could produce a solutiah
I 300 is absolutely correct but counter-intuitive. By i
200 1 able to control the search space by limiting thenber
108’ f _ of generations, crossover rates, mutation ratéseds

evaluations, etc., the cognitive system can enlega

0 1 2 3 4 5 . . .
and regulatory compliance as well as efficient Glees.

Burst Error Length

. . , Another major benefit of the GA approach is the
Fig. 8. Burst error statistics of the simulated rofel versatility of the cognitive process to any radihile a
versus the HMM channel. [7] software radio is an ideal host system for a cognit

, ) . processor, any legacy radio with the smallest armofin
The Wireless System Genetic Algorithm (WSGA) 5qaptability can benefit from our cognitive proesss
operates in a similar manner as the WCGA in that itrpq cognitive system defines the radio by a

uses a chromosome structure that represents t'?fhromosome, where each gene represents a radio
parameters of the radio under test. The WSGA ismgiv parameter such as transmit power, frequency,
a fitness function, or set of goals, by the Cogsiti qqylation, etc. The adaptation process of the WSGA
System Monitor (CSM) module and continuously js performed on the chromosomes to develop new
adapts the radio based on these goals. Exampls goglyjues for each gene, which is then used to adwpt t
could be providing a desired balance of BER, power aqig settings. If a radio cannot adjust a parsicul
frequency, modulation, and data rate behavior for Sarameter, then the adaptation process will ignbee
given Quality of Service and wireless spectrum band gene representing that parameter. Also, if theee ar

certain parameters unique to a particular adaptable

radio, we have left a few genes unused so as tsée

for such proprietary purposes.
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