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ABSTRACT

This paper addresses lhe cellular design of mobile
microcellular communications systems operating in lhe
millimetrewave bands in outdoor urban environments. ln

such systems and environments lhe shape of cells and
lhe interference among them are highly dependent on lhe
gcomctry of lhe surrounding obstacJes (c.g., buildings)
and lhe classical regular geametry based approaches to
frequency reuse and capacity evaluation eannat be used.
in lhe paper is described an approach to i'requ'ency reuse
and system capacity evaluation where canclusions are
drawn frem cellular layouts obtained, via an interactive
computer graphical tool, for specific urban environ-
ments. Numerical examples are presented for coveragc
in lhe 40 and 60 GHz bands showing that, dcpcnding on
lhe relI size, reuse factors in lhe range 5-11 are
achievable. It is also concluded that, in interference
límited scenarios, if cells with similar coverage length
are used, equal values are obtained for lhe reuse factor
and system eapacity in both bands.

I. INTRODUCTION

Future personal and mobile communieations systems
will provide to their users a t1exible mix or services (e.g.,
interactive data, me transfer, voice, vídeo) at high data
rales. Tn the framcwork of the European Unioll rescareh
prO!-,'famson mobile communieations, une such system,
designatcd Mobile Broadband System (MBS) [i], has
been considered, aiming at providing individual user bit
rales up to lhe arder or tens 01' MbiVs. We consider in
this paper lhe cellular design of such type of systems io
urbao . outdoor environmcnts, anO in particular the
determination af achievahle frequency reuse and system
capaeity.

Broadband mobile systems will operare in lhe
millimetrewave frequencies, prospective radio alloea-
tion having been made in Europe in lhe 40 GHz ano 60
GHz bands. The high desired capacity and high
opcrating frequeney of these systems lead to

mierocellular architectures, employíng a large number of
cells, with base ,latiDos deployed at relativeJy low
heights above street levei (around 5 m, e.g., tn lamp
posts). The shape af cells anel lhe interferenee between
fIlem are strongly determined by lhe propagation
charaeteristics of lhe millimetrewave bands, in particular
lhe facts that propagation oeeurs essentially in line-of-
sight, with negligíble diffraetion, and that building
materiais are almast totally apague [21. Thus, in an
outdoor urban environment, lhe eell shapes are
determined, to a large extent, by lhe disposition of lhe
surroundillg objeets, in particular buildings. The spatial
arrangement of buildings al,o determines lhe existencc
af line-of-sight, anO hence interference, between cells.
Givcn lhe írregularity of typical urban environments, it is
not easy to draw general conclusions on cellular design
on lhe basis 01'lhe study of regular cell structures, as is
dane, for example, for lower frequeney systems, or for
millimetrewave systems with linear strueture, e.g.,
deployed along a highway [3].

In this paper is prescnted an approaeh whcrc gcneric
condusions on lhe quantities af interest relatcd to
ecllular design, sueh as achievable frequency reusc anel
system capacity, are obtained [rom example eellular
layouts for specifie (but, as much as possible, typical)
enviromnents. Under tbis approach, a choíce of
plaeement of base stations and lhe definition of lhe
associated coverage arcas, or cells, so as to satisfy givcll
system capaeity and signal quality requirements. is firsl
IDade. After a eelluiar layout is obtained, lhe achicvable
system eapacíty is determined. For this purpose an
esLimateof lhe achievable frequeney reuse is obtained by
delerrniniog lhe number of frequency groups required for
systcm operation under statie frequency assignment
policies, anel hence what is lhe bandwidth available per
eelll.

Signal quality is determined essentially by lhe

I Evcn ir dynarnic resource allocation is used during lhe systern
operation, lhe minimuID number of freqllency groups required uuder a
slatic assignment policy will provide an upper bound on lhe frequency
reuse achievable.



relationship between the carrier power, lhe thermal noise
power, and lhe cochannel interference power at lhe
rcceivcrs throughout lhe cells. Since, normally, lhe
thermal noise power is a characteristíc of lhe equípment
used, only lhe olheI two varíables are under contrai of
lhe system designer. The controlling variables are lhe
cell dimensions, which determines lhe minimum
received signal power throughout lhe cell, and the
dístance at which frequencies are reused, which
determines lhe receivcd cochannel interference powcr.
Although straightforward, in an enviromnent with
irregular geometry lhe determination of these quantities
is computationally hcavy. In arder to partíally automatc
lhe computations, an interactive computeI graphícal tool
was developed that allows lhe placement of base stations
uver a 2-D representation of an arca to be covcrcd,
computes lhe assoeiated coverage and lhe inter[erenee
between cells, and inputs these results into frequeney
assignment algorithms to determine achievable values of
frequency rcuse and system capacity. The 1001includes
suitable propagation and channel model information.
Generic considerations abolir lhe number of frequency
groups needed, and henee system capacity, are then
obtained via case studies.

ar special interest 1s lhe comparison between lhe
system capacity achíevable in lhe 40 and 60 GHz bands.
The latter have been proposed as desirable for
microcellular systems because of the higher oxygen
absorption than in lhe 40 GHz band, which reportdly
should lead lo higher frequcncy rcu&e. However, it will
be seen that this is not lhe case in the examples
considered.

In Section 2 of this paper lhe tool functionality, and lhe
input and output data are brietly presented. ln Section 3
are pre&ented lhe model&for lhe computation of lhe ceU
coverage length and for thc cochannel interference
evaluation, as sei by lhe carrier-to-noise/interference
constraints. ln Seclion 4 microccUular design re&ultsare
given for systems operating aI lhe 40 and 60 GHz bands.
The frequency assignment algorithm used is descrihed,
and results for lhe urban coverage, frequency reuse, anel
system capaeity aehieved are given.

11.MICROCELLULAR DESIGN TOOL

A. Fullctiollality

For lhe prohlem heing dealt. with, a two-dimensional
representation of lhe operating environment is
appropriate. The microcellular design interactive tool
developed provides lhe capabilily to position basc
stations over a city mar, and to compute their coverage
arca anellhe interfcrcncc bctwccn cens. Thcsc rcsults can

be input to eilher off-line 01' on-line frequency
assignment algorithms. The tool algo allows lhe creation
and editing of arbitrary urban configurations via a map
editor.

Given a propagation mudei, lhe mar af lhe arca to be
cavered, and lhe qualily requiremenls associated wíth
digital signal transmission, one is able lo perform, for

each base station, the following sequencc af &tep&:

(i) to position a new base station over a non-covered
arca;

(ii) to choose lhe communication parameters
associated with lhe new base station;

(iii) to compute the eoverage of lhe new cell;
(iv) lo compule lhe cochannel interference between

lhe new cell and lhe existíng cells, taking into
account lhe path obstructions due to buildings anel
lhe directivily patterns of lhe base statian
antennas;

(v) in assodation with a frequency assignment
algorithm, to chaose lhe [requency channel(s) for
lhe new eell taking into account cochannel
intcrference constraints.

B. lnput Data

The inpuI data consi&ts of lhe mar of lhe arca under
consideration and lhe system parameters (Fig. I).

Fig. 1 - Window with cellular design parameters

The mar i& input as a ser of coordinales of non
overlapping polygons, each of which representing a cily
building 01' city block. The system parameters are
grouped into two categories: (i) system-wide and
(ií) cell-specific. The formeI are common to .111cel1s,
whereas lhe latter can be tailored to individual celJs. The
list of syslem pararneters is the following.
Svstem-wide parameters

L Propagation

a - power law propagation exponent
y - oxygen excess absorption eoefficiento

Yr - raio excess absorption coefficÍent

iL Base station
BW -bandwidth ofthe base station receiverH

Fy - l1oise figure ofthe base station receiver
iiL Mobile unit

BW - bandwidth of lhe mobile station reeei ver
M

(P,) -transmitted power at lhe mobile stationM

GM - gain of lhe mobile station antenna

FM -noise figure of lhe mobile station reeeiver
iv. Additional

Modulation mcthod

(C/N)() - minimum required fatia between lhe received

power of lhe earrier C and lhe power of lhe thermal noíse
N in lhe absence af eochannel inlerference



fup'.f~OW"- operating freqllencies
BER - maximllm allowetl bil crror ralem"
M - IIN ratio at lhe cell bollndary

MF -fade rnargin

Cell-soecific oarameters

(P t) B - transmitted power at lhe base station

Directivity pattcrn of base station antenna

GB-gaín of lhe base statioo antenna
a - 3 dB sector bcamwidth (if applicable)3dB

<P-angle hetween antenna sectors (if applicable)

Three kinds of horizontal directivity patterns
(omnidirectional, scctor, aod bi-sector) have becn
considered in the tool.

C. Output Data

The 1001outpul data can be presented in graphical and
numerical form anel indudcs

(i) lhe characteristics of lhe base stations anel
associated cells covering lhe arca of interesl;

(ii) lhe number of frequeney grOUpsneeessary.

For each base station, lhe following results are
presenteeI:

(i) lhe coordinates 01'lhe base slation;
(ii) lhe coveragc length;
(iii) lhe cochannel interference power at lhe base

station receiver;

(iv) lhe frequency group uscd.

D. Tool ImplementatiolJ

Thc tool has to perform both numcrical processing, for
lhe dctermination of cell dimensions (coverage lelJfith)
ano cochannel interfcrcncc power, anel geometrical
processing, for lhe determination of lhe cell shapes anel
lhe visibility between cells. The former is baseeI on
appropriatc propagation anel transmission models, anel
lhe lattcr consists mostly of ge01l1etrical operations on
polygons, implemented by standard compulalional
geometry algorithms for polygon intcrsection,
differcnce, anel visibílity. Thc 1001 implcmentation is
descrihed in more delai! in [4].

m. MOOELS FOR COVERAGE LENGTH ANO
COCHANNELINTERFERENCE

A. Coverage Length

The ccll dimension in lhe ahsence of obstruction

(covcragc 1cngth) is chosen so as to guarantce a desired
minimum signal quality throughout lhe cell, with signal
quality being measures in terms of, c.g., raw bil errar
rale (BER), and being dctermined by lhe thermal noise,
dcsired signal, anel cochannel inlerference aI lhe syslem
rcceivers. ln general, lhe most slringcnl conditions in
terms of bit errors occur when lhe mobile is aI the cell

boundary. For a given syslem BER requirell1ent and
thermal noise leveI N, several distinct pairs of values for
lhe rcccived desired carrier power C ano cochannel
interference power / are possible, as described hy an
interference/noíse madel BER=j(CIíV, C/I). Thus, several
choices are avai!able for lhe covcrage lenglh. Thc
approach foliowed, described in more detail in [3].
consists af parametrizing lhe aliowable signal anel
cochannel interfcrence levels by lhe fatia M=/1íV of lhe
cochannel interferencc power / to lhe thermal noise
power N. In this way, a more or less uniform ccll size is
obtained in file designo

Under Ihis approach, with a noise model where

BER=:trC/(N+cxJ»), lhe coverage lenglh is determined,
after fixing lhe value 01'M, via lhe equation

CjN =(CjN)o(I+CXcM) (3.1)

which gives lhe t.arget desired carricr power leveI at lhe
ceU boundary. Herc (C/N)o is as detlned in Seclion 2.2
(iv) anel cxc=(CIJ)oI(CIíV)o,whcrc (CI!)o is lhe minimum

required carrier-Io-interference ratio [3]. The coverage
1ength is Ihen obtained via a suitable propagation model
[5]. This rnodel includes, in addition 10 lhe free-space
propagation ]oss, lhe exccss appropriale ahsorption
losses due to atrnospheric oxygcn or rain.

B. Co-channel Jnteiference

ln a mobile system using FDD (Frequency Division
Duplexing), with separate bands for lhe uplink anel
downlink dircctions, lhe worst case inlerference situation
occurs whcn a base station receives desired signal from a
mobile at its ccll boundary anel cochannel intcrferencc
from mobiles in cochannel cells placed at lhe boundary
of those cells dosest to that base station (Figure 2).
Thus, lhe uplink is considcrcd for design purposes.

The maximum allowed cochannel inlerference power
at a base slation is given by I=N-M. After a cellular
layoul is ubtaincd via Eq. (3.1), lhe maxill1um allowed
cochanne] interference can be used in frequency
assignment algorithms as a constraint on lhe total
inlerference power coming fram cochannel cclls. Such
interferencc power depends nol only on lhe dislance
between cclls bU( also on the visibility belwccn lhe
boundary of cochannel cells anel lhe desired base station.
Such situation are checked aulomatically by lhe planning
1001[4].
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Fig. 2 - Cochanncl interference ar a base station

IV. RESULTS

ln this Section is presenteei a case study of cellular
layout and capacity determination for a Mobile
Broadband System operaling either aI lhe 40 or at lhe 60
GHz baIleI in ali urban environmenl. Tn this particular
case, a parI 01'lhe cily of Lisbon [6] was considered for
coverage. Cellular layouts were praduced for various cell
sizes, as defined hy lhe parametcr M according to lhe



approach described in Section 3. L An estimate of
feasible reuse factors was obtained by producing
frequency assignmcnts based on an appropriate
algorithm. From this an estimare for lhe system capacity
was then obtained.

A. Frequet!cy Assígnment Algorithms

The problem of frequency assignment with channel
reuse constraints has beco recognized as being cIosely
related lo lhe NP-complete problem of graph coloring
[7]. For practical applications, a number of sub-optimal
hcuristic algorithms has been proposed [8]. Tn lhe
example cansidered, a variant of lhe frequency
exhaustive insertion algorithm known as lhe uniform
assignment algorithm [9] was used. Under this
aIgorilhm, celIs are considered in a given (arbitrary)
arder. and for each cell is attempted lhe assignment of
lhe least uscd frcquency among lhose used up lo lhe
momento If this assignment violales lhe interference
constraints, lhe next least used frcquency is auempted,
and so ou. If no assigned frequency ean be used, a new
frequency is brought inlo use. This algorithm was
imp)emented in lhe tool lo be used ou-liDe, i.e.,
assignmel1ts are made to new eelIs as soou as lhey are
created.

B. Reuse and Capacity Results

A city arca of approximately 2.54 km2 was tonsidcrcd
for coverage, of which abolir 16%, 01' .406 km2,
corresponds to "net" street arca effcctivcly covcrcd.
Several cases were workcd out both at lhe 40 and

60 GHz bands using a comrnon set of system-wide
pararncters, shown in Fig. 1, excepl for lhe parameter M
'" fIN. This paramctcr provides a uniform mechanism lo
contraI the cell size and systcm capacity, whereby an
increasc in M yields smaller cells and therefore higher
capacity. Figure 3 shows an cxample layout.

Tables I and 2 show the nurnber of eells N, reuse
factor k, and coverage length R for the different valucs of
M considered. A wide range af values for lhe reuse
factor is oblained, ranging from k", 11, for a coverage
length of R =219 m at 40 GHz, down to k = 5, for a
coverage length R = 84 m. Intuitively, this decrease can
be rclated lo lhe fact that larger coverage lengths lead to
cells spanning a larger number of street intersections,
thus being exposed to interference from a larger number
of cells and consequently requiring the use of a highcr
number af frequeney groups.

For lhe sharter coverage distanees, corresponding to
system configurations clearly limited by interference, the
reusc factors obtained for lhe 40 and 60 GHz bands are

the same in situations with similar coverage length. This
is beeause in urban environments lhe cochannel

intcrferenee belween cells will not depend mueh on lhe
specific attenuation of atmospheric elements [101, but
mostly on lhe urban geometry, mainly lhe relative
dirnensions and shapes belween blocks of buildings and
cells which will determine lhe existence of line-of-sighl
belween eells.

Fig. 3 - Example celllayoul and frequency assignrnent
(40 GHz, M = 11.3 dB)

Tablc I - Covcrage and tTequency reuse results (60 GHz)

Table 2 - Coverage and frequeney reuse results (40 GHz)

C. Avaílable One-way Bandwidth Density

Tables 3 and 4 show lhe available one-way (i.e., either
uplink ar downlink) bandwidth per cell, Rc' and the one-
way available bandwidth density, Rd' given by
Re = RI / (2k) and Bd '" N RI / (2k AI) , where RI is lhe
total bandwidth assigned to lhe system, N lhe lotal
number of cells, k lhe reuse factor (i.e., number of

frequency groups required) , and AI lhe "net" slreet arca
eovered by lhe system. As expected, higher bandwidth
densities are obtained with lhe decrease in cell size.
Furlher increases not doe to lhe reduction of cell sizc
alone are obtained as M increases above O dB because of
lhe deerease in lhe reuse factor. It should be noted that
lhe actual data rales supporled depend on further syslem
paramcters, such as lhe spectral efficiency of lhe
modulation sehcme, and lhe FEC coding rates. Similar
values are obtained for Re and BJ for both bands for
syslems lIsing cel1s with similar dimensions since lhe

M[dB] N k R'2dBi(m)
-3 70 9 147
O 79 9 136
3 85 7 12!
6 86 6 103
9 Il4 5 84

M[dB] N k RI2dBi(m)
-3 61 11 219
O 64 9 203
3 66 8 179
6 70 7 152
9 83 7 124

11.3 94 6 103
13.8 117 5 84



resulting values of k are egual.

Table 3 - Availableone-way bandwidth(60GHz band)

Tahle 4 - Available one-way bandwidth (40 GHz band)

V. CONCLUSIONS

ln this pareI was presented an approach to frequency
reuse and system capacity evaluation 01'millimetrewave
mobile communication systems operating in urban
oUtdoor environmems. where conc1usions are obtained
from cellular layouts for specific environl11ents. An
interactive computeI' graphical tooI for assisting lhe
layout process is descríbed, and results are given 0/1lhe
frequency reuse and capacity achievable in such systems.
The too] allows lhe interacti ve placemem of base stations
over a mar of an area to be covered, and determines lhe
coverage area for each cell and lhe interference among
cells, These resu/(s can be fed to frequency assignmcnt
algorithms for the delermination of lhe reuse factor and
lhe system capacity. An application was IDade to the
coverage of parI of a city by l11ilJimctrcwavc
microcellular systems operating aI lhe 40 and 60 GHz
bands. Reuse factors ín lhe range 5-11 were obtaincd,
with lhe smaller values corresponding to smaller relI
gizes, and vice-versa. For interference limited scenarios,
using cells with similar dimensions, equal feasíble values
01' lhe reuse factor and similar values for lhe total

number 01'cclls werc achicved for both bands, yíelding
to similar values for lhe system capacity.

ACKNOWLEDGMENTS

Fruitful convcrsations arc acknowlcdgcd with Prol'.
Luis Correia 01' IST. The digital mar used in lhe
application was kindly IDade available by lhe POrluguese
Army Surveying lnstitule (Instituto Geográfico do
Exército). This work was partially funded through the
European Union Projecl RACE 2067 MBS "Mobile
Broadband System". The work 01' Femando Velez was
partially funded through a fellowship from the
Portuguese Council for Science and Technology (Junta
Nacional de Investigação Científica e Tecnológica,
Programa de Forniação e Mobilidade de Recursos
Humanos),

REFERENCES

[ I] L. Fernandes, "Developing a Syslem Concept and
Technology for Mobile Broadband
Communieations," IEEE Personal Comll1U-
nications Magazine, voJ. 2, no, 1, pp. 54-59, Feb,
1995.

[2] L. M. Correia, P. O. Francês, "Trallsmission and
Isolation of Signals in Buildings aI 60 GHz", Proc
61h Int1. Symposium on Personal 1".1001' anel
Mobile Radio Communicatíons, pp. 1031-1034,
Toronto, Canada, Ser. 1995.

[3] J. M. Brázio, F. J, Velez, "Design 01'Cell Size and
Frcquency Reuse for a Millirnelrewave Highway
Covcrage Ce]]ularCommunicationSystern," Proc
IEEE PIMRC' 96, Taipei, Taiwan,Ocl. 1996.

[4] F. 1. Velez, J. M. Brázio, "A Computational-
-Geometry-Based Tool for the Ccllular Design 01'
Millirnetrewave Mobile Communicalions Systerns
in Urban Environments," ]'" CGC Workshop O"
Computational Geometry, Baltimore, O.S.A., Ocl.
1996

[5] L. M. Correia, p, O. Francês, "A Propagalion
Model for lhe Average Received Powcr in an
Outdoor Environment in lhe Millimelrewavc

Band," Proc. IEEE 44th Vehícular Technology
Conference,Stockholm, Sweden, Jun. ]994.

[6] Map 01'Lisbon, Chart number 431, Scale 1:25000.
Instituto Geográfico do Exército Português, 1993.

[7] B.H. Metzger, "Spectrull1 Management
Techniques," 38th National ORSA Meeting.
Detroit, 1970.

[8] T.-M. Ko, "A Frequency Selective Insertion
Strategy for Fixed ChanneJ Assignment," Proc
IEEE PIMRC' 94, 1994.

[9] J. Zoellner, C. Beall, "A Breakthrough in Spectrum
Conscrving Frequency Assignment Tcchnology, "
IEEE Transactions on Electroma-gnetic
Compatíbility, pp. 313-319, Aug, 1977,

[10] F. J. Velez, L. M, Correia, "Optllnization Cri teria

for Cellll]ar Planning 01' Mobile Broadband
Systems in Linear and Urban Coverages," Proc
ACTS Mobile Communi-catioll Summít, Aalborg,
Denmark, Ocl. 1997.

M[dB] k Bc[MH',) BJ [Glhllm'
-3 9 111 19.2
O 9 111 21.6
3 7 142.9 29.91
6 6 166.7 35.3
9 5 200.0 56.2

M[dB] k Bc/MH'.I Bd IOH>lkm',

-3 I1 90.9 13.7
O 9 111 175
3 8 125 20,3
6 7 142.9 24.6
9 7 142.9 29.2

11.3 6 166.7 3g.ó
138 5 200 57.6


