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Antennas and antenna diver sity

Patrick C.F. Eggers, CPK, Denmark

The antennas are the outermost components in the transmisdon chain which are
deterministicadly describable and physicdly manufadurable. However the network
performance of the antennas is not dependant on the antenna done, but on the inter-
adion between antenna and radio environment. This causing the network perform-
ance evaluation of the antenna system to be of a stochastic nature. The primary task
for the antenmais

e connedion

that is seng to that any information is conveyed from transmitter to recever.
Equally import are the posshiliti es to include the antenna to

e suppressor repair mediaimpairments

There ae threemajor aress that have been considered when using antennas for com-
pensating for the impairments of the mobil e radio channel:

e noise suppresson throughantenna gain and effedivity
» tempora fading and interference suppresson through multi port antenna diversity
« gpatialy seledive interference suppresson through adaptive antenna diredivity

The following sedions discussthe design and application of antenna dements and
systems to med these tasks. The first sedion 3.1 covers physicd and eledricd de-
sign of antenna dements mainly used for propagation experiments. Sedion 3.2 cov-
ers the interadion between base station antennas and the radio environment, which
influence the perceived antenna diagram. Design criteria for antennas for handpart-
ables and influences on human body absorption, are discussed in sedion 3.3. This
bath through efficiency and absorption by the human head. The remainder sedions
3.4 to 36 focus on three key areas in antenna diversity. That is the antenna system
structure, the use of an antenna system via combiners and lastly the expeded gain in
terms of radio channel parameters.
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3.1 Antennadesign

Ernst Zollinger, IMST, Ger many

3.1.1 Extremely wideband antennas
Design o a widebandconical monopde antenna

Fig.3.1 depicts the aosssedion of an extremely wideband conicd monopde an-
tenna that was developed for radio channels measurements

[1]. The fealing point imped-
- > ance Zco of the monopde a-
tenna can be matched to the in-
trinsic impedance Zcn of the
N feeding coaxiad cable by
o meiei-  choosingangle v accordingly.

soid of re-
. Lo = (ZO/ 2n\/z)ln(cot(v/ 2))
Conical line section ZCA = (ZO/ZH\/E)ln(rB/I'A)

Circular line saction

Z, denotes the intrinsic imped-
- ance of freespace rp and rg are
) N NN the radii of the inner and outer
s IREONNEOY R TR conductor of the feeding céeble,
respedively, and £ ¢ is the red
Eod of comsial part of the cmplex relative
Tine section permittivity of the dieledric
between the two conductors.

Counterpoise

Coaxial Ine section

This antenna behaves like an
' > inhomogeneous, open line &
low frequencies. Therefore, it is
hardly possble to ensure the re-
quired performance below a
frequency f. for which the length |, of the cnicd sedion become smaller than ap-
proximately |, = c/(4f.) = A/4 where ¢ denotes the vacauum speed dof light and A the
wavelength. For f_ = 600MHz the length |, hasto be >12.5 cm. According to [2], the
shape of the upper part of the @mnicd antenna sedion hes a strong influence in
achieving good performance of the attenna & the lower cut-off frequency f.. In
agreament with [2] and [3], experiments sowed that a strongly rounded upper part
of this dion will substantially deaease the SWR at the feading point of the antenna
at f.. An éllipsoid of revolution, a hemisphere, a gylindricd superstructure or a wm-
bination of the eboveiswell suited for this purpose.

[y

Fig.3.1 Crosssedion of a wnicd monopde
antenna
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According to these shapes different length-to-diameter ratios I/l, are obtained. In
agreement with [2] widest bandwidth was obtained with a length-to-diameter ratio in
the range of 0.9 to 1.1. The transition zone between the waxial line and the cnicd
structure of the antenna is important in achieving a low refledion coefficient at high
frequencies. The theory for this problem is well known and can be found in [2] and
[3]. The solution is a drcular line which is obtained by stringing together conica
lines with continuously increasing aperture angles while keeping the intrinsic im-
pedance Z. constant. For a refledion free transition between the maxia and the
circular line a well as between the drcular and the conicd line, the corresponding
intrinsic impedances must coincide, i.e. Zca = Zoy and Zg = Zco. To fulfil the first
eguation, the cantres M; and M, of the arvature of the drcular line must be on the
plane that is perpendicular to the symmetry axis of the antenna. This plane is indi-
caed in Fig.3.1 by the dotted line g. The wrresponding radii r; and r, are given by r;
= ra(ralra) + (r’s - r?)/2ra. The diameter D of the munterpoise dfeds the dedro-
magnetic field in the nea- and far-field zone of the antenna, the impedance Zco, the
refledion coefficient and the SWR at the feading point. Because the transfer function
of this antenna has a high-passcharaderistic, the SWR increases sarply at the lower
cut-off frequency f, = 600MHz (Fig. 3.4 and Fig. 3.5). Based on the results outlined
in [4] for thin A/4-monopde, D/A_ should be= 0.9 for aSWR < 1.25and = 0.4 for a
SWR < 1.5. Therefore, D = 0.426m and D = 0.259m have been seleced for antenna
no. 1 and 2 respedively.

Properties of the widebandconical monopde antenna

Two wideband monopde antennas have been built (Fig. 3.2 and Fig. 3.3) [1].

Fig. 3.2 Monopole aitenna no. 1. Fig. 3.3 Monopole aitenna no. 2.
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Their SWR are shown in Fig. 3.4 and Fig. 3.5 for frequencies between DC and 5
GHz. Extremely wideband measurements sowed that the bandwidths of antenna 1
and 2are 15 GHz and 8 GHz, respedively, if SWR < 1.9 isthe aiterion.

The m-polarisation patterns of the two antennas have been measured at 1.5 GHz
(Fig. 3.6 and Fig. 3.7). For verticd polarisation of the measured antenna 6, denotes
the ange with resped to the verticd axis.
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Fig. 3.6 Co-pdarisation pattern of Fig. 3.7 Co-palarisation pattern of the
monopde antenna no. 1. monopole antenna no. 2.

3.1.2 Millimetre-wave antennas
General Considerations

In mobile systems, small size, low power consumption, conservative exposure limits
of lessthan 1 mW/cm? [5]* and low prices are essential requirements. At milli metre-

! Currently everything indicates that the limits to be standardised will be alopted from the
IRPA/INIRC (International Norn-lonizing Radiation Commitee of the International Radiation
Protedion Asociation) ,, Interim guideli nes on limits of exposure to RF fields* [5]. According
to a statement of the IRPA these limits are based ona summary and an assessment of scien-
tific works that have been pubished by the UNEP/WHO (United Nations Environment Pro-
gram/ World Hedth Organisation) in the ,Environmental Hedth Criteria“ series.
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(mm)-waves, where the link budget is a aiticd isaue, antennas with more than 10 dB
gain providing unform cdl coverage ae nealed.

Patch artennas

Patch antennas printed on top d a PCMCIA card, which protrudes a few centimetres
outside of the mmputer case ae
suited for ad hoc radio LAN sys
tems where portable mputers
communicate peea-to-peea. To ob-
tain circular symmetricd radiation
patterns with a null at zenith, and
maximum radiation in the plane of
the PCMCIA cad, a drcular patch
antennas operated in the TMg,
mode has been designed and tested
([el, [7], [8]). At the operation fre-
quency, a patch antenna can be
viewed as a resonator. Following
[9], the resonant frequency f, of the
TMg, mode drcular patch antenna
Fig. 3.8 Radiation pattern of the drcular patch 1S given by f = fy(1+D), fo =
antenna. 3832/2”1/([.1081), A =
(2dey/rEs@)[In(r@/2d) + 1.7724,
the permittivity & = &¢,1 of the dieledric with & the permittivity of the vacuum, the
radius a of the patch and the substrate thicknessd. The modification fador A repre-
sents the contribution of the stray field at the antenna edge. For the prototype, a sub-
strate with a relative permittivity of 2.55 and d = 3 mm was used resulting in a =
2.05cm. A SWR < 2.0 has been obtained within a frequency range of 5.1 GHz to
5.42 GHz. The radiation patterns are depicted in Fig. 3.8 for different plane-cuts
where ¢@= 0 represents the plane passng throughthe feed pant.

Waveguide antennas

b Nea uniform cdl coverage

tefion msaérc:wg . . .
- may be adieved with a mnicd
o A N
|
1

horn antenna (Fig. 3.9) [10].

*W’ 7 spadng a = 2.0 mm and d-
oylindical | 4 L - ameter b, a drcular waveguide

= with an interior diameter of d =

I» It consists of a radial line with
taper  |i ! 3.5 mm, a biconicd horn of

== length L, and an aperture of

Fig. 3.9 Geometry of biconicd horn antenna.
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width A. An omnidiredional radiation pattern in the azmutha plane is obtained if
the radia line is excited with a drcularly polarised TE;; mode in the drcular
waveguide.

The pdarisation is horizonta
for A/2 < a< A and verticd for o
a < A2 where A denotes the
free space wavelength [11].
The radiation pattern in the de-
vation plane is determined by
the parameters L and A. Pro-
vided that the diff erences of the
phases in the eerture ae
smaller then 90°, the magnitude -40 . s ;
of the dedric field pattern can Tire mies S8 3 105 178
be cdculated by the methods clevation (degrees)

described for sedored horns
excited with the TEp; mode
[12]. Excdlent agreement be-
tween theoreticd and measured
results have been obtained for the radiation pattern depicted in Fig. 3.10.

measured Tc - theoretical

Relative Power (dB)

Fig. 3.10 Measured and theoreticd radiation
pattern in the devation plane [10].

Dieledric antennas

Dieledric antennas are suitable for mm-wave goplications becaise they are structur-
ally simple and eesy to fabricae. Two types of dieledric lesky-wave aitennas are of
particular interest: tapered dieledric-rod and periodic dieledric antennas. The first is
a surfacewave antenna radiating in the forward dredion. Periodic dieledric anten-
nas consist of ale&ky-wave guide aeaed either with a periodic surfaceperturbation
or by generating ale&ing propagation mode in the structure.

Both structures can be designed to radiate dmost to broadside, i.e. orthogonal to the
antenna ais. The most important design parameters are the lekage wefficient a
which describes the radiated power per unit length and the phase mefficient 3 which
is determined by the overall effedive permittivity €4 of the dieledric antenna. Both
parameters drongly depend on the height of the dieledric but only dightly on the
thicknessof the periodic surfaceperturbation.

Compared to microstrip travelling mode antennas, the beam pointing angle of di-
eledric antennasis grongly frequency-dependent: up to 40 per 10% variation of the
frequency. Thisfeaure muld be used in aWLAN FDMA/SCPC concept using DCA
for amobil e unit in a given azmuth diredion of the antenna beam. More information
on both types of dieledric antennas can be found in [13].

Dieledric lens antennas diredly fed by the waveguide ae mmpad in size eaily as
sembled and therefore gpropriate for mass production. Depending on the shape of
the lens nea uniform cdl coverage can be obtained [14], [15], [16].
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3.1.3 Internal antennasfor hand sets

85

Internal antennas are gplied in agrowing nunber of mobile cmmmunication systems
due to design advantages, serviceaility and price ([17], [18]). The new radiation-
coupled dual-L antenna presented in [19], [20] offers at least 50% higher bandwidth
compared to an inverted-F antenna of equa height H (Fig. 3.11) [21]. Its resonant
wavelength A is determined by the geometricd parameters L and H: L + H = A/4.
The dimensions of the antenna have been optimised using the 333 segment wire-grid
model of the program NEC in conjunction with the program AutoCAD."?

C = 100

Fig. 3.11 Radiation-coupled dua-L antenna
mounted on top d the shielding case of a wrdless
telephone [19], [20].

2 Registrated trademark of Autodesk, Inc.

The radiation patterns of the an-
tenna have been measured with a
test transmitter powered by the
original battery padk of the
cordless telephone inside the
shielding case, which in turn was
put into a plastic case. For the
wire-grid model the radiation
patterns were cdculated. Since
NEC did not allow to model the
influence of the plastic case, the
patterns were cdculated for fre-
guencies that corresponded to
914 MHz and 954 MHz when
the plastic case was absent, i.e.
at 970MHz and 1010MHz. Par-
ticularly for the dominating po-
larisation the cdculated radia
tion patterns compare well with
the measurements.
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3.2 Base station antennarelations

Patrick C.F. Eggers, CPK, Denmark

In the aurrent cdlular systems the base station (BS) antennas are mainly mast-
mounted omni diredional or sedor antennas with resped to the azmuthal plane. The
use of collinea arrays lea to increased gain by reducing the devation beamwidth.
Beanm tilting and shaping of the devation pattern are used to attempt control of cdl
contours. Adaptive aitenna arays have been suggested to suppressinterference via
gpatia filtering in an SDMA scheme. The dfediveness of such antenna arange-
ments are dosely linked with the diredional properties of the radio environment as
sensed at the BS site. Models exist for the anguar BS environments with resped to
spatial fading [22],[23],[24]. But only little work [25] has been presented, deding
with basic anguar domain fading and antenna relations. The foll owing subsedions
will expand on the radio propagation description in the previous chapter, to include
the diredional information at the BS and its influence on perceved antenna charac-
teristics.

3.2.1 Angular relations between BS-antennas and radio environments

Basicdly 2D circular relations in either azmuth or elevation are sufficient for most
outdoar small and maao cdl applications. In the following we consider small scde
relations (mobil e station (MS) movements over a few wave lengths (A)) between an-
tenna diagram ‘a and the environment diagram ‘€’. Thus the environment diagram
can be mnsidered stationary.

2D circular antennaenvironment relations

When rotating a BS antenna with diredional amplitude radiation pattern a(¢) in a
circle aound azmuth, the measured complex voltage response m(¢) is [26]

m(¢,d) jie(co, (- ¢)do=R, . (¢.d) 3.1

which can be expressed as a wrrelation R between the aitenna amplitude response
and the aaguar environment diagram e(¢). The MS movement is represented in a
displacement variable d. The anguar frequency relation m(uy, ) = (0,0 @* (-0y),
follows from the mrrelation theorem. Asuming urcorrelated scettering (US) identi-
cd relations hold for the mean power diagrams M=< |m|?>> [27]. It follows that stan-
dard frequency domain (inverse Wiener) filtering techniques can be used to suppress
the measurement antennd’ s influence on the measured responses [27], [28], yielding
an estimated environment response E (wy) = Muwy)Hwy). The gplicaion of this
technique to anguar pattern processng was introduced by the RACE Il projed
TSUNAMI [28], [27], using an enhanced inverse filter F(oqb) V\(%)'A*((Qp) /
(lA((.Qp)l + aNRS(wy)). NSR(wy) = N(mb)/E(mb) is the noise to signal ratio, W(uwy) is
areshapingwindow and a isascdar < 1, chosen to under estimate the noise [29]
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Anguar correlations

The anguar autocorrelation properties are of interest as they represent angle diver-
sity correlation properties, leaning themselves to adaptive beam operations like for
examplejitter diversity [30]. We have [26]

S (04 ) = (05 ) T (005 ) = Sua (05 ) S04 ) (32)
Also from the correlation theorem we have

Rz (#) = fmy () G (9= @)= F [ Sraz (@, )] = Resz (#) 0 Ryiz (#) 33

Thus the anguar correlation function is described by a @wnvolution between the in-
dividual correlation functions of the environment and antenna [26]. This correlation
expresson is general with resped to arientation angle and This correlation is differ-
ent from those derived for the temporal or spatial fading responses caused by a
moving MS [31]. Those type of correlations are orientation spedfic and thus relevant
to the fixed beamn operations discussed in sedion 3.4 to 3.6. Wide sense stationarity
(WSS has been assumed for the previously mentioned anguar correlations. Note
that this may be more difficult to satisfy for anguar than for spatial fading, in par-
ticular if the environment is very seledive, i.e. it has a narrow beamwidth distribu-
tion.

Anguar diversity coherence measures.

The complex auto correlation coefficient function is p(*)=R(*)/R(0), due to the pre-
vious US assumption. In case of pure angle diversity we can define an anguar coher-

ence beamwidth ABW, , = ¢|\p(¢)\2:o.7 [26]. This beanwidth is the mherence

measure of the anguar fading experienced by a BS antenna sweeping in the anguar
domain. It is also posshle to define pattern and space oherence measures for the
anguar fading[26].

Quartitativeanguar spreading paameters

First and second order moments of the mean power response have been propaosed
[26] for a statisticd description of the small scde anguar environment mean direc-
tion and sprealing. An angle of a defined Centre of gravity can be used as an uram-
biguous estimate of the mean angle [27].

A transform of the anguar mean power pattern from a drcular to alinea representa-
tion (power anguar profile PAP [26]), provides analogy to the power delay profile
(PDP) in the temporal domain. Similar dispersion parameter definitions can be a-
plied to the PAP, as those ommonly used for the PDP [32]. The anguar spread S,
follows from [33] as the standard deviation of the PAP, analogue to the delay spreal
on the PDP. Similar to the delay spreal properties, variance subtradion can be used



88 Chapter 3

to suppressthe influence of the antenna on the measurement SEzw = Sf,]¢ - S,iﬁ [26].

The only difference mmpared to the delay spreal case, comes in a sign change wn-
cerning the mean angle relation, ¢ = ¢, + @ 5. A requirement to apply these prop-

erties to the PAP, is that the environment pattern is well confined around the mean
angle.

A parameter refleding the large scde anguar spreading of the environment is the d-
fedive sidelobe level [27].

Antenna gan
The dfedive BS antenna gain saturates when increasing the diredivity [30]. Namely

when the antenna becomes more seledive than the eavironment. Then the increased

diredivity is counter-balanced hy less recaved environment power, due to spatial
filtering.

3.2.2 Environmental influence on perceived antenna pattern

Pattern distortions by nearfield dsturbances

X-Y- Paiterm 20

Ref = 20

no roof

1® i
N
~/ I
, [
roof +——/ \
b ! y

229 =8 87.9 9©

gain function / dB

mngle / degree

Fig. 3.13 Elevation pattern influence
of roof 3m below antenna (detail near
the main lobe) [34]. Rodf (dashed)

Fig. 3.12 Pattern influence of a mast and no roof (solid).
placal 30cm behind 8-element colli nea : . .
array [34). Mast diameter very smal Antenna mountings and other objeds in

(dashed), 5cm (dotted) and 10cm (solid). the_ nea field cause _pattern dl_stort|ons.

This becomes particularly important
where cdl splitting is extensively used to gain cgpadty. Small-cdl antenna systems
are often placad on roof tops without the deaance found at mast mount maao cel
Sites.
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Using the method d moments (MoM) [34] has performed simulations of an 900
MHz oollinea array BS antenna subjed to neafield dsturbances. The findings are
that the azmuthal pattern is distorted lessthan 2 dB if the antenna mast distance is
1mfor a10cm thick mast. For a spadng of 30 cm the mast influenceis noticedle &
sea in Fig. 3.12. Pattern distortion of the mounting rods are found negligible. For a
typicd small cdl antenna & 30 m height above ground, there can be aound 10 BB
pattern diff erence whether placed on a 27 m roof or on a free standing mast. Thisis
particularly the cae for the main beam areawhich is also the most criticd in deter-
mining cdl boundaries, seeFig. 3.13. The building influenceis indifferent to the ex-
ad material parameters, (difference < 3dB):

However the dfed found on the BS antennas, stresses the importance of not uncriti-
cdly applying freespacepatterns to network planning todls, espedally for small cdl
applications.

Experimental description d sharp gradient pattern shaped artennas

Beam tilti ng and shaping can be used

Expected to enhance cdl border definition.
Meastred Freespaceproperties of a sharp gra-
dient shaped elevation pattern an-

tenna, have proven efficient in small

cdl urban environments [31]. Shap-

ing of sharp azmuth gradients at the

cdl edges sould idedly provide a

, more even illumination of a sedor

20 ; Qoli - <, and deaease spill over between sec-
Rotation angle [degrees] tors [35], [36] However in the az-

Fig. 3.14 Expeded and measured relative muthal case the freespaceshapingis

. not refleded in an similarly per-
anguar level deaease for azmuthal shaped . .
antenna pattern [36]. ceved pattern in a small-cdl urban

environment [36] (900 MHz meas
urements rotating the shaped antennain 15° steps,), seeFig. 3.14.

Relative decrease [dB]

From the previous sibsedion, we have that the perceived pettern is a crrelation
between antenna and environment. Thus it seams that the azmuthal environment
spreading is © wide that the shaping details are ‘blurred’ by the elvironment,
whereas the spreading in elevation is © compad that the dfed of the devation
shaped antenna is gill noticeale. This can be explained with the relative low angle
of incidencein the devation plane, where any scatering area aound the MS will be
percaved strongly compressed in elevation, whereas the azmuthal extension is more
dependant on the MSto BS range.
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Experimental description d narrow beamwidth antennas

Dirediona BS experiments at 1.8 GHz have been reported by [27],[28], per-
formed under TSUNAMI. A dua branch wideband sounder has been used together
with a 1.9 m dual polarised patch array at the BS. Test where performed with range
lengths up 25 km. One test used afixed MS and arotating BS beam. In this case the
small scde anguar antennaresponse was recorded (seeFig. 3.15) It is sen how the
recaved energy is catered bah in delay and ange and thus makes it difficult to as-
sociate amain bean diredion between MS and BS.

Main conclusion of these tests are, that when comparing main beam responses of
highly diredional antennasto omnidiredional antennas:

» Delay spreal reduction about afador two or more

¢ Increasein polarisation purity (XPD) by afew dB

Exerzierplatz The d)SOl Ute mVl ronment
XPD figures (around 6B
urban and 12dB rura)
sets limits to the worth-
while XPD to target in de-
sign of dua polarisation
antenna systems.

A seoond test used a fixed
BS beam and a MS driv-
ing through boresight,
thus reveding the large
scde perceved BS an-
tenna pattern. The most
important information
Delay [us] 5 6 Delay [us] gained form thistest is the
distortion of the free
space atenna pattern
(correlation with the envi-

Fig. 3.15 Anguar scdteringfunction at aBS, .i.e. PDP
versus ange.

ronment spreading function), which resultsin

* Reduction of percdved antenna sidelobe suppresson to about 10 B in urban
small cdl environments, (20 dB in open rural ares)
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These findings are dso supparted by urban microcdl measurements on a DECT test-
bed by [37] and shown in Fig. 3.16. The shoulders of the measured antenna response
are aout -10 dB whereas the free
10 - spacepattern (solid line) drops below
Antenna -15 B when over 90° from bore-
sight. This degradation in effedive
sidelobe level has importance for
SDMA cgpadty cdculations as the
environments st a limit to the spatial
interference suppresson one cal ex-
ped from an antenna in a traditi onal
-25 b\ pean oriented  operation. On  the
-180 -135 -90 -45 0 45 90 135 7 180 - .
Angle from main direction to Tx [deg] other hand the same limit eases sde-

Fig. 3.16 Measured RSS for sedor anten- lobe suppresson requirements of the

nas normalised by measured RSS for omni ?Qée?;aebeg:? d%ln(;tt)seelngetggg
diredional dipoles[37]. $ ppr

below that supparted by the environ-
ment, will not give ay return in terms of gain in system performance.

-10

Sector 1
Sector 4
Sector 2
Sector 3

-15

<4peon

-20

Sector RSSI normalized by
Dipole RSSI[dB]

3.2.3 Adaptive base station antenna arrays
Hardware adagive antennatestbeds

A red-time hardware alaptive antenna testbed, based on a DECT radio interface
and digital baseband beanforming, is developed by TSUNAMI [38]. The antenna a-
ray consists of 8 dual polarised wideband patch antennasg[39].

Algorithms

The dgorithms used in the TSUNAMI tests can be grouped into:
« Beam oriented (SDMA, grid of beams, beam jitter)
e Signal combination (seledion, maximum ratio etc. diversity)

The first group deds with beam approaches and leans it self to spatial tradking of a
MS and passhble providing ndlsin diredions of interferers. These techniques can be
applied bah on up- and down-link as they mostly rely on mean diredion to the MS
which is fairly slowly varying. Contrary, the signal combinations approaches which
rely on complex weights optimisation on small scde cannel variations (optimum
combining etc.), only seem feasible in up-link applicaions, even in TDD systems
[40].

The TSUNAMI testbed provided ealy demonstrations of red-time SDMA-like op-
eration (two users supparted, that occupy same frequency and time slot) using
MUSIC in LOS environments (note that in time dispersive environments this algo-
rithm will have strong difficulties) [41].
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Furthermore the testbed also showed red-time functionality of newer type antenna
diversity, namely anguar domain jitter diversity [30],[42].

Using 3D UTD simulation of indoar propagation environments (7m x 200m x 160m
total) [43], the anguar distribution and dependence of PDP’ s is predicted. This used
in a10-20Mb/s 1.8 GHz adaptive antenna system simulation, using a drcular array
and dred matrix inversion (DMI) as adaptation scheme. Conclusion are that 8 ele-
ments are neaded to bring BER's below 102 and that BER's rise to about 102 when
deaeasing array diameters from 2 to 0.5\

High resolution algorithms like 2D ESPRIT can estimate aimuth and elevation con-
currently [44]. In a strongly elevation dispersive environment (as for example in-
doars), failing to estimate devation can cause arors up to 4 in the aimuthal esti-
mete [44)]. This will though herdly be aproblem for outdoar maao cdl base station
situations.

For beam oriented approaches, a few guidelines can be set when designing the an-

tenna gerture

e Size for beam jittering, so passble 3 dB array beamwidth is lessthan minimum
expeded 3 B beamwidth of the environment [30]. For bean griding or SDMA
operation, the aray beanwidth can be much larger, depending on the number of
usersto suppart within a sedor.

*  Number of elements: enoughwhen a sidelobe level suppresson better than about
20 B (open rural terrain) or about 10 B (urban environment) can be readed
[28].

For signal combination approadies, the requirement on element spadng is port

decorrelation (seesedion 3.6) and the number of elements depends on the number of

interferers to suppress[4Q].

3.3 Antennasfor portables

Gert F. Pedersen, CPK, Denmark

Most antennas for portables today are externa wire antennas, typicdly half-wave di-
poles but also quarter waves and pertly helicd types in order to make them smaller
and better matched. The half-wave dipole antenna is a good candidate for portables
in resped of antenna performance, but there ae pradicd problems with external an-
tennas and most work in COST 231 has therefore been on internal antennas.

For the design of integrated antennas there ae two main goals. Oneisto oltain high
antenna performance due to the limited power available, the other goa is to reduce
the esorption in the human head. These goals are not necessarily mutually exclu-
sive, which has been demonstrated by an antennadesignin [45)].

3.3.1 Antenna performance

An integrated antenna with high performance is charaderised by large bandwidth
and low volume. The polarisation of the antenna is also important due to the aoss
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pdarisation arising from diff erent environments. It is preferable if the antenna design
is unaffeded by a dhange in the physicd dimension of the handset, whereby reuse of
the antennaiis possble.

To fulfil this the arrrent must be mncentrated nea the antenna and not distributed
throughout the entire handset. Also the physicd location of the antennais important.
If it is placad very nea to parts of the human body high losses will result. A quarter
wave monopde on top d the handset will give large antenna aurrents distributed all
over the handset, because the handset and antenna ad as an asymmetricd dipole.
Thisresultsin relative high antenna arrents placed just under the plastic cover afew
milli metres from the users head/hand, and high losses foll ows.

In a frequency division duplex system, the bandwidth of an antenna neeals only to
cover the up and down link band and not the guard band, in order to keep the volume
low [45]. The relative bandwidth requirements for GSM/DCS-1800NMT900
changes from 7.6% to 5.4%. It is important to design a good average match for the
handset used in spe&king position and in standby, seeFig. 3.17

Low volume to bandwidth ratio is important when considering internal antennas and
VSWR cEpeddng - Siandby the Radiation Coupled Dual-L Antenra is a
3 good example of an integrated antenna with
high bandwidth to volume ratio [18].

The performance of an integrated antenna
should be found by comparing it to cther
antennas using the anditions where the an-
..~ tennas are used. Most present handpartables
~ AT for GSM/NMT900 use a half wavelength

P whip antenna. It is therefore used as refer-

[
=N
R E

1 890 MHz 925 MHz 060 M, ENCE aitennain measurements of average re-

Frequency ceved power from a BS using the handsets
in normal spe&king position [45]. These
measurements have been caried out in netu-
ral user environments. From the field test av-
erage recaeved power is cdculated and the
results are tabulated for three types of envi-

Fig. 3.17 The VSWR as afunction
of frequency for the FS-PIFA both
for the handset used in spe&king po-
sition and in standby [45].

ronment.
Measurement Environment Dipade FSPIFA
Average Indoar 0dB (-85.58dBm) -1.85B
recaved Around buildings 0dB (-76.10dBm) -2.20B
power Inside moving car 0dB (-69.45dBm) -2.770B

Table 3.1 Average recaeved power obtained from measurements. The figures in
bradets are arerage recaved power in dBm, the other figures are average receved
power relative to the dipolein dB.
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In all measurements, the handset is used as the recever, and a fixed GSM- channel
(BCCH, channel 94 at 9538MHz) from aBSis used as “transmitter”. Although the
instantaneous power changes, the average power remains constant, as no paver con-
trol is employed at the base station for this channel. The results of the gain measure-
ments are shown in Table 3.1.

About 4 milli on samples were taken. Due to the asorption, losses in the plastic cas
ing (2 mm thick) and shadowing, the integrated antenna has about 2 dB smaller gain
than the dipale. The smallest gain differenceis inside the buildings. One explanation
is the more omnidirediona distribution of effedive scaterers inside a building,
making the average gain somewhat independent of the radiation pattern and the
polarisation

3.3.2 Antenna configurationsfor reducing body loss

To oltain low absorption, al antenna arrent should be located as far as posshble
from the user's head/hand. This means controlling the arrent so that nealy all
current is concentrated very close to/in the aitenna, and placing the antenna & far
from the users head/hand as possble, i.e. on the badk of the handset. The radiation
will then be away from the users head and not omnidiredional [46]. An
omnidiredional antenna on a handset in normal speaking position, will anyway result
in relatively higher radiation directed away from the users heal due to losss. The
size of the antenna must also be large to get a uniform current distribution over the
antenna. Hereby no high current point, as the source point of adipole, will arise.

Thus the posshility of a high SAR (spedfic absorption ratio) is avoided even when
the handset is used in an abnormal position. Wheresas it is rather easy to predict
where the user will placethe handset relative to the head, it can be difficult to predict
where the user will placethe hand. The a&ove goa forms the new design criteria
together with the fad that the antenna must be quite large but not occupy a large
volume [45]. The latter, in order to control the aurrent in a way so that the aitenna
can radiate by it self and minimise the couplingto the caing.

When the antenna hasto be large the posshility that the user grips around or touches
the antenna aises. But with careful design of the handset itself, so the user grips
naturally elsewhere, this problem can be solved at 900 MHz and as frequency in-
creeses it beaomes lessdifficult.

Present standards for handheld antennas are not only concerned about total average
absorption, but also about the maximum locd SAR averaged over 1g or 10g tissue.
The highest SAR value measured for the FS-PIFA when the handset is used in differ-
ent speaking positions is 0.19 mW/cm® averaged over 1g of tissie and 0.12 mwW/cm?®
averaged over 10g of tisaue. These figures are aout 10 times lower than both the
ANSI standard (1.67 mW/cm® averaged over 1g) and the German standard (2.0
mW/cm® averaged over 10g), whereas the same figures for different present-days
handpartable investigated by [47] all violate the aiteriawhen used in worst case.
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The FSPIFA has demonstrated that it is possble to produce an integrated antenna
with a sufficiently good match over the GSM duplex bands. The dfedive gain is
about 2 dB lessthan a A/2 dipole, but the locd absorption rate aout ten times
smaller than required from standards and found in existing portable antennas.

Comparing with ealier results on quarter wave monopdes on handsets [48], it is ap-
parent from Figure 3.18 and 3.19 that the influence of the head is much smaller for

+10dB
by

0dB

+10dB
0
Fig. 3.18 The radiation pattern for
the handset without a model of the
human head and hand. The handset is
tilted 45, asin ““normal" spesking
position @) XY -plane b) XZ-plane ¢
Y Z-plane

0dB
+10dB

C)

Fig. 3.19 Theradiation pattern for
the handset with a model of the hu-
man headl and hand. The handset is
tilted 45, as Y Z-in ““normal"
spe&king position @) XY -plane b)
XZ-plane g plane
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the integrated antenna with reduced radiation towards the heal. The integrated an-
tenna tends to radiate more upwards and dovnwards. This may explain some of the
relative lower effedive gain. However this may be the priceto pay for an integrated
antennawith low locd absorption.

3.4 Mobileand base station diversity techniques
Silvia Ruiz Bouge, UPC, Spain

The locd fluctuation of the signal strength, the fading, caused by propagation along
multiple paths and shadowing objeds between a base station an a portable unit
makes it necessary to have amargin when designing the radio link budget in a system
with highreliability.

This margin can be lowered by use of diversity, i.e. transmitting or receving replicas
of the information signal over decorrelated channel conditions. Diversity relies on
the principle of repair by use of redundant information (several ‘copies of the in-
formation signal) and can thus enhance link quality or allow same quality over
poarer channel conditions.

Aswill be seen later in sedion 3.5 and 3.6 the dfedivenessof a diversity system de-
pends on decorrelation of the diversity branch channel conditions. For most cases the
fading envelope of radio signal is used as a measure of channel impairment. Tradi-
tionally it thus falls natural to use the envelope crrelation coefficient (p) between
branch output fading signals, as figure of merit for the diversity system. For analogue
systems or digital systems employinginterleaving, p[0.7 is normally regarded as suf-
ficient for worthwhile deployment of a diversity scheme. This sdion will focus on
the mnstruction of antenna system structures and their ability to decorrelate branch
fading signals.

In experiments, care must be taken to asaure proper quality of recorded signals on
which correlation coefficients are cdculated . It can be shown that the envelope cor-
relation coefficients of Rayleigh fading signals subjed to additive Gaussan noise,
degrades as a second order function of the signal- to noiseratio (SNR) [49]
L(S\lR) — plz,fading+noise — . S\lRZ ; SNR = M (3-4)
P12 fading NR* +2[BNR+1 P(Noise)

I.e. the SNR must be larger than about 20 dB for the aorrelation estimate to be within
2% of it’s noise freevalue.

3.4.1 Diversity domains

To achieve replicas of the information channel over decorrelated channel conditi ons,
some discrimination or separation in one or more channel domainsis needed. The at
of establishing a diversity system lies in the way we can obtain and maybe mmbine
domain separations, that lead to adesired channel state decorrelation.
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The mobil e radio channel domains which can used for diversity separation purposes
are;

» Space(spacediversity, displacement of antenna centres)

¢ Antenna pattern (pattern diversity and field component)

« Antenna orientation angle (angle diversity, orientation angle)

e Polarisation (polarisation diversity)

«  Temporal/frequency (delay-tap or frequency diversity)

where the first 4 damains normally are thought of as antenna diversity domains, the
latter is normally system spedfic (i.e. through se of equaliser, interleaving, fre-
guency hopping etc.). However deorrelation through separation in the ‘antenna do-
mains will often also lead to decorrelation in the temporal domain.

Normally the correlation between two pdarisations undergone scatering in a mobile
channel, is considered virtually zero. The determining fador for a polarisation set-up
is the power imbalance epressed in terms of the aosspaarisation-discrimination
(XPD).

There ae afew further general distinctions to be made regarding antenna diversity,
that is:

* MSor BS environment

e up-link or downlink power budget

e Maao or micro scenario

The situation for the base station is different from the mobile cae since the anguar
sprea of the incoming waves is much smaller, seesedion 3.2. Thisleadsto a choice
of different posshiliti es of antenna pasitioning on the mast, including the use of po-
larisation diversity. Therefor, whil e the single branch radio channel link isredprocd,
the goplicaion of the combined multi branch radio link is not. Thus an antenna di-
versity structure will not yield the same performance (branch decorrelation) when
placel at the MS or BSend of the link.

The significantly better down-link-budget for a mobile system (2W for MS and 15
20W in BS for GSM system), makes it most advantageous to reduce the multi path
fading margin on up-link by implementing base-station antenna diversity. While
most diversity adion is associated with short term fading (micro diversity), maao-
scopic diversity (i.e. having more than one base station within ead cdl) operates on
the locd mean shadow fading.

Two branches are often considered as a pradicd number of branches, as any further
number of branches only supply littl e alditional diversity gain.
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3.4.2 Base station antenna diversity for outdoor environments.
Spae Diversity for urbanmacrocels

The required spadng at the base station, is different for separation in the horizontal
and verticd planes, due to the different anguar spreading experienced, see sedion
3.2

For horizontal spacing the separation depends on the angle between the line joining
the antennas and the line joining the base station and the mobile (around 20\ when
the angle is 90° and 8O\ when the angle is 0°) [50]. Both distances increase with the
antenna height and deaease with the presence of locd scaterers. If vertical spacing
is considered the required separation is around 15\ but it depends on the scatering
of the aeain which the mobile is located [33]. In general lower correlation coeffi-
cients can be obtained with horizontal separation than with verticd separation [51].

In[52] two dfferent horizontal separation (0.6 and 1.4 m) have been considered with
antennas at the top d buildings (10 m high). When the distance between diversity
antennas is 0.6 more than half of the measured pdnts has a mrrelation coefficient
higher than 0.9 oltaining a poar diversity configuration. When the distance increases
to 1.4 mthe oorrelation properties improve significantly but there ae still severa lo-
cdions with a strong crosscorrel ation.

Angle diversity for microcdls

In [53] planar-antennas from Huber& Suhrer with a gain of 7.5 dBi and 3 B bean-
widths of 80° and 5 for the horizontal and verticad plane respedively were used. In
one site four planar antennas were used to cover an angle of 18(° with some overlap
of the antenna patterns. In other site two pairs of diredional antennas were pointing
in oppdsite diredions of the stred. Horizontal spadng between antennas was arbi-
trary chosen to 0.4 m. For comparison both sites were dso measured using dipole
antennas aceal horizontally by 0.2 m. in atwo branch seledion diversity scheme.

Large differences in recaved signal for the four anguar antenna sedors (receved
power level 5to 15dB lower than the power in the strongest seaor) indicaes that a
significant improvement in CIR can be adieved by using dirediona antennas and
time dispersion will also be reduced.

Polarisation dversity

There ae few studies reported in literature @out polarisation diversity. This is due
to the difference in mean receved power between co-polarised and crosspolarised
branches when one polarisation is transmitted (crosspolarisation discrimination
XPD). which istraduced in areduction of the diversity gain. Results siown that the
XPD is typicdly between 6-20 dB and that it is much higher in rura or sub-urban
than in urban environments and it is also higher in outdoar than in indoar environ-
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ments. Also the XPD increases in LOS and deaeases with distance. The ewvelope
correlation coefficient is usually higher than the value obtained when considering
spacediversity. Having urcorrelated pdarisation’s, a XPD of 10 dB corresponds to
an equal branch power (spacediversity) system withap = 0.7 [54].

Hand-helds with poar antenna polarisation purity and random orientation, will cou-
ple energy between polarisations and thus deaease the XPD. This will even further
benefit polarisation diversity applications.

Combined Polarisation & Spacediversity in wrbansmall andmicrocdls

In [55] the posshility of using pdarisation together with spacede-correlation at the
base dation is tested. Transmitter antenna is a quarter-wavelength monopde
mounted on the metal roof of a ca. A dual branch recaver with two identicd planar
array diredional antennas with an azmuth and elevation 3 dB beanwidth of 60°
were used. The antennas have again of 8 dBi and a XPD better than 30 dB. Different
antenna highs (3 or 30 m above rocoftops) and different antenna cnfigurations (hori-
zontal separation between 10-20 A, verticd separation, different antenna inclination)
were tested. In a previous work of the same authors it was found that for large cdls
(10-20 km cdl radius) and working at 900 MHz the XPD was in the range aound 4
dB and 12 B for urban and suburban areas respedively. For small cdls and micro-
cdlsthe urban XPD is between 7-9 dB.

The dfedivenessof compad (lessthan 10 A antenna separation) antenna configura-
tion for urban small a microcdl is siown. All configuration provide envelope aoss
correlation about 0.7 or less The individual space ad pdarisation effedsin a com-
bined system are independent and muiltiplicative [55]. Thus the combined system
correlation coefficient can be expressed as

Pcombined = pspace u)pdarization(a’ r)

r+i-2 (3.5
o (a,T) = L
ppolanzauon( ) r +%+tan21(a) +tan2(a)

where a is the inclination angle of the antenna dement with resped to the copdari-
sation and I isthe XPD.

Combination o Spaceand Temporal diversity for downlink operation

There is gill alow-cost posshility of reducing the multi path fading margin on the
down-link by transmitting a delayed signal on a seaond antenna branch (uncorrelated
though spacediversity) in order to introduce more channel time dispersion and thus
reducethe amherence bandwidth (pre-Rake transmitter). The delay isin the order of a
few bit periods relative to the first branch [56]. The resulting reduction in fading
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margin can be @out 3-10 dB on down-link (as the GSM equaliser is better ex-
ploited) [56].

3.4.3 Base station diversity for indoor environments

Spacediversity can also be used in a radio system to reduce the impad of sever fad-
ing within buildings. A path separation of few wavelengths is referred to as micro-
scopic diversity (MIC), while a separation equivalent to the distance between the
bases in a normal cdlular configuration is cdled maaoscopic diversity (MAC).
When the separation is between 1 and 10m intended to be used at one base station is
cdled medium diversity (MED). Of course the system complexity is much lower
with the MIC and MED schemes, since the seledions can be made & ead base sta-
tion.

Microscopic spacediversity

In [57] a space diversity technique is implemented with two quarter-wavelength
monopde antennas eparated a distance between 0.25A and 3.5\ and a seledion
technique. Many measures in LOS and NLOS at 1.6 GHz were done showing that
the signal at both antennas is uncorrelated (the rrelation coefficient was aways
lower than 0.7). When de distanceis equal or greaer than a wavelength the wrrela-
tion coefficient was always lower than 0.2.

Macroscopic space diversity

In [58 a MAC technique has been tested for indoar environments with two base sta-
tion transmitters (transmittinga CW at 1700and 1701MHz respedively) and a mo-
bile recaver. The distance between BS was between 50 and 120m and LOS and
NLOS cases were studied. Measures were made in the worst case, when the field
strength is wegkest and the recaver is equidistant from the BS. Measurements ow
that the signals coming from the two BS were uncorrelated (correlation coefficient
lower than 0.2).

Combination d macroscopic and microscopic space diversity

If MAC is combined with MIC, then the MAC only has to reduce the long fading
component and in this case the gain will not deaease so rapidly when the seledion
intervals are made longer. If only the long fading is considered, the minimum time
between change of base stations can be aslong as 0.1 s without reducing the gain of
the maaoscopic diversity too much (with a speed of 2m/sin an indoa environment
and working at 1700MHz band).
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Comparison between macroscopic and microscopic space diversity

Cell-Size Environment As(N) p COST231TD

Pico-Cell Indoar 0.5 0.34 (90)094
“ 0.75 0.32 “

25 0.25 (93)014

“ 25 0.23 (93)027

Out&Indoaor |6 0.25* (93)008

Indoar 7 0.12 (93014

Micro-Cell Outdoar 4 0.83 (95019

“ 6.5 0.18 (92120

8 0.54 (95)019
9 0.48 “

10 0.12 (92)120

Small-Cell Outdoar 10 0.34 (92)120

Table 3.2 Crosscorrelation p, versus antenna separation As (* 10 MHz BW). Last
column isthe corresponding COST231 da@ument number.

In [59] measurements to test the performance of maao, medium and micro spacedi-
versity have been performed, obtaining reduction in fading margin or its equivalent
the diversity gain considering the total fading (long and short term). Table 3.2 shows
asummary of measured micro dversity envelope aosscorrelation coefficient versus
antenna separation for different cdl size and diff erent propagation environments.

Polarisation dversity

Asthe previously mentioned techniques, the pdarisation diversity is only effedivein
suppressng fast fading if the signals receved (co-polarised and crosspolarised) are
uncorrelated.

In [60] validation of pdarisation diversity technique under diff erent conditi ons (LOS
and NLOS) by means of the evaluation of the crrelation coefficient between re-
cdved signals was done. In all the measurements the wrrelation coefficient was
lower than 0.6

3.4.4 Mobileantenna diversity

[61] considers angle & the mobil e unit. The aitenna consists of four corner reflecors
fed by monopdes and was positioned on the roof of a van. Also an omnidiredional
verticd dipole was used as a reference atenna positioned above the arner reflector
antenna. The experiments dow that this antenna is effedive in removing deegper
nulls.
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3.4.5 Wideband Correlation

The oorrelation of the instantane-

1 ‘ ; ; ‘ ‘ : ous rms delay spread between di-

\ versity branches gives an estimate

osr Los 1 of the aility to reduce the dfeds
oLos - - of time dispersion. It has been

R wos 1 shown for pico-cdls that a spatial
2 separation of 2.5\ introduces un-
R | correlated  instantaneous  delay

spread  values between the
branches [62]. In a NLOS micro-
TeSTEeennlT | cdl environment the correlation of
delay spreal values was estimated
‘ ‘ ‘ ‘ ‘ ‘ to 04 [63],[65], adieving a re-
M saseaaionm 0 " duction of 20% in the delay spread
seleding the smallest instantane-
ous value of ead branch. For these
experiments a novel downlink base
gtation  diversity measurement
technique was employed [64],[63].
In indoar environments the diversity improvement, related to the deaease of rms
delay spread, was estimated to almost 30% by means of polarisation diversity [66].

0.2

Fig. 3.20 Average aitocorrelation of the in-
stantaneous rms delay spread versus sparation
inindoar environments at 1800MHz [67].

In a wideband channel the auttocorrelation of the instantaneous rms delay spread
gives the spatial separation necessary to achieve significant diversity improvement.
Thisis $own in Fig 3.20[67] after measuring in indoar LOS, OLOS and NLOS en-
vironments. It can be seen that a separation of 2\ gives uncorrelated delay spreal
values in al the investigated indoar scenarios. These results are in agreament with
measurements using antenna diversity in aDECT system in indoar pico-cel 9 68].

3.5 Combining Techniques

Peter Karlsson, Telia, Sweden

Diversity combining techniques fal i n two major groups
* Seledion (switching, scanning, seledion)
e Summation (egqual gain, maximum ratio, optimum combining)

Thefirst group is charaderised by that only one branch signal yields adive output at
atime. Contrary the schemes in the second group apply weights to al the branch sig-
nals and the output signal is formed as a sum of all the branch signals. Each of the
techniques is a trade-off between performance and complexity. The first group tech-
niques apply to simple mmpad low-cost solution implementation, whereas the latter
group tedhniques have better performance but require more hardware. There is a
further distinction in the level of implementation
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* Pre-detedion (RF or IF implementation)
¢ In-detedion (equalisers, soft-detection ML SE etc.)
* Post-detedion (baseband implementation)

The in-detedion implementation is g/stem spedfic whereas both pre- and past-
detedion combiners can be used in general. Post-detedion requires multiple recéver
branches. Pre-detedion provides higher gain due to coherent summation possbili-
ties.

It is necessary to establish the ambining strategy on the gpropriate aiteria for a
given radio system. These aiteria aetypicdly

e Carrier to noiseratio C/N (narrowband systems)

« Signal to interferenceratio C/I (high cgpadty systems)

¢ Irreducible BER dueto ISl (digital radio system) [62], [69].

The two first criteria ae dmed for maximisation in the combining process whereas
the latter is aimed for minimisation.

3.5.1 Gain and complexity for different combining techniques

The switched diversity combining technique offers the lowest complexity, since only
onerecaver is used, whil e switching between antenna branches. The switch diversity
is mostly a pre-detedion combining technique and the switching algorithm is based
on athreshold level, causing the recever to switch from one antenna to the other if
the signal is below the threshold. When wideband digital radio modems are consid-
ered, it is better to base the switching algorithm on a BER threshold or a combination
of BER and RSS. Examples of combiner performance have been made using data
from wideband measurements at 1800MHz with aterminal speed of 1 m/sin micro-
and pico-cdl environments [69]. Analysis of the switch combiner in a DECT type of
recaver shows only a marginal improvement over asinge branch [70].

When true seledive cmbining (SC) is used, the best signal of the branches is %
leded. This post-detedion requires one recever pr. diversity branch. In [68] a hybrid
seledion/switch combining technique was presented, where the RSS seledion was
based on two RF-recever parts. However, the demodulation can be performed in a
single baseband receaver after fast switching between the branches. In a digital radio
system it is possble to use the preanble of ead frame in order to measure or moni-
tor the RSS level. By means of thistedchnique it possble to emulate the performance
of seledion diversity based on the RSS level usingonly one[71].

Further improvement of the diversity performance ca be obtained if equal-gain
combining (EGC) or maximal-ratio combining (MRC) is used. By weighting the sig-
nals from the antennas acarding to the maximal-ratio technique, the SNR is in the-
ory 3 dB better relative to seledive mmbining when two independent branches are
used. The combining acording to SC and MRC using data measured in two
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branches separated 25 A, show that the diversity improvement foll ows the theoreti-
cd results[72].

Equal-gain combiningis not so complex to implement as MRC, sincethe weights are
omitted. A coherent equal gain combiner is then referred to as a pre-detedion
scheme. Asaresult the diversity gainisonly 1 dB lower than if MRC is used, but the
EGC technique is dill better than seledive combining in narrowband and time-
invariant channels. In a wideband system like DECT, with a frequency seledive and
time-variant channel, the seledive combiner gives better performance than EGC
[70].

3.5.2 Influence of thetime-variant channel

The mherence time At of the dhannel determines the lower limit of the combining
rate. When seledion or switching combining technique is used, the best branch has
to be determined at a rate higher than the channel variations in order not to deterio-
rate the diversity performance. Accordingly, when MRC or EGC is used the rate of
the weight and/or phase aljustments must be higher than the channel variations.

In the frequency domain the channel variations are given by the Dopper spread By,
which can be gproximated with the maximum Dopper shift fq. Thus, the radio
channel is highly time-variant if the surrounding environment and/or the terminal is
moving fast in relation to the carier wave-length. An example of the diversity gain
versus the combining rate for different schemes is siown in Fig. 3.21. The narrow-
band result is based on measurements at 1700MHz in indoa environments [73] and
the wideband results are based on simulations of switch and seledion combiningin a
DECT system presented in [71]. Note that the combining rate r¢ of the wide-
band charaderistics in this example is an approximate estimation of the rate of the
DECT system. Nevertheless in relation to the channel variations, i.e. hormalised to

the Dopper shift fy, it is possble to
107t : make comparisons between different
systems and combining techniques.
The normalised combining rate ver
= r¢l fg is then equivaent to the
number of posdble cmbining ad-
justments per wavelength. The
comparison in Fig. 3.21 indicate that
the combining rate must be & least 3
times the Dopper shift when SC is
used. The rate of switching combin-
ing must be up to 10times the Dop-
pler shift in order to take alvantage
of the decorrelated dversity
branches.

NB selection

WB CRCSRSSI s\ ed

Diversity Gain (dB)

WB CRC switched

0

10°

T
10
Combining Rate w.r.t. Doppler Shift

Fig. 3.21 Diversity gain for a narrowband
system with RSS seledion and for a wide-
band system with switch or seledion com-
bining based on RS and/or CRCasafunc- In a system where the longterm
tion of the normalised combining rate ucy. fading is mitigated by maao dver-
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sity the aombining rate can be gproximately one order of magnitude lower than if
the short-term fading is to be reduced [73]. The spatial auto-correlation of the long-
term fading component determines the necessary combining rate for different termi-
nal spedls, in agreanent with the rate for the short-term channel variations presented
inFig. 3.21.

3.6 Macroand Micro Diversity Gain

Peter Karlsson, Telia, Sweden

The probability of insufficient transmisson quality over a radio channel, can be re-
duced by means of diversity techniques. Antenna diversity is one of the posshble
techniques to compensate bath for the short term fading and for the long term fading
and, hence, the link reliability is increased. The diversity performance is related to
the decorrelation between two o more separate antennas, which are used at the mo-
bil e terminal and/or at the base stations. In the narrowband case, i.e. when frequency-
flat fading is considered, the diversity gain Gp expresses the possble reduction of a
given fading margin M. A wireless cdlular system must have an area ®verage of
99% to give the same reliability as the fixed network. Thus, the fading margin must
be large eoughto suppart the required servicereliability. In many typicd situations
the short term fading is amost Rayleigh distributed, while the long term fading is
log-normal distributed with a standard deviation ¢ of up to 10 dB. If antenna diver-
sity with two uncorrelated branches is used in such a scenario, the 99% level fading
margin Mgg can be reduced by 10 dB considering the short-term fading when selec-
tion combining is used. Accordingly it possble to reduce the long-term fading mar-
gin Mgg by 10 dB in this scenario using seledion combining. In the wideband case,
i.e. when the fading is frequency-seledive, it is also passble to reduce the dfeds of
time dispersion by means of antenna diversity. Here, the separation between the an-
tennas must be large eough to be ale to give dearrelated pover delay profiles.
Thus, the diversity performance is better when the power and the time delays of the
multi paths at ead antenna ae different.

3.6.1 Macro Diversity

The maaoscopic diversity scheme can improve the link quality by combining the
signals between the mobile or portable terminal and two or more base stations. Then
the dfeds of the long-term fading, which is mainly caused by shadowing objeds,
e.g. buildings and hill s in maao-cdls, large vehicles and trees in micro-cdls and
walls and furniture in pico-cdls, are reduced. In this maao dversity scenario the
spatial separation As corresponds to the cél sizes, which is equivalent to the distance
between the base station sites. It is obvious that maao dversity has the strongest im-
pad on the cdl boundaries, where the locd mean from at least two base stations are
amost the same. Thus, at the boundariesit is possble to reduce the long-term fading
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margin by an appropriate cmbining of signals with low correlation. For outdoar
maao-cdlswe can assume that the envelope of the long-term fading components are
uncorrelated, since the propagation paths between the mobile and the base stations
are totally different. An analysis of the wrrelation between the long-term fading at
two base stations in a microcdlular environment was made in [63]. The result veri-
fies the assumption of uncorrelated long-term fading and the average power level by
seleding the best branch increases. However, the measurements sow that the maao
diversity gain is only significant in aress where the mean levels of the atenuation
between the mobhil e terminal and the base stations are similar. Furthermore, in some
micro-cdlular environments (antennas below roof-tops) the long-term fading can be
partialy correlated if the same shadowing objed appeas in bath propagation paths.

Level (dB) No Div. As=9-17\ | No Div. As>=350\
Environment Mgg Mog GD Mgg Mgg GD
LOS 138 75 6.3 196 10.4 9.2
OLOS 9.2 6.0 3.2 10.2 55 4.7
NLOS 9.0 7.2 18 111 8.9 2.2

Table 3.3 Fading margins and dversity gain of the long-term fading wsing two an-
tenna separations in indoar environments.

10°

. corr=0.0

T

corr=1.0

—— —corr=0.7

corr=0.3

To be ale to fulfil a given
area overage reliability the
long-term fading margin can
be reduced relative to the
variations and the spatial cor-
relation of the radio links. In
theory it is possble to reduce

the long-term fading margin by
10 8B if two uncorrelated
branches with seledion com-
bining are used and the stan-
dard deviation of the fading is
10 &B. Of course, the gain in-
creases with lower correlation
and larger variations. Meas
urements at 1700 MHz in in-
doar environments using Si-
multaneously sampling of the
narrowband power at two re-

CDF
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Fig. 3.22 Cumulative distribution of the log-normal
long-term fading, with standard deviations 5 and 10
dB. A seledion diversity scheme with the correla- .

) o cdvers have been made [73].
tion coefficients 0, 0.4, 0.7 and 1 has been used. The recéver separation was in

the range 40 m to 100 m, which corresponds to a typicd base station separation.
Measurements in similar environments but using the antenna separation 17 A in LOS
and OLOS and 9 A in NLOS are dso included for a mmparison. The wrrelation is
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approximately 0.3 for the larger separation and 0.7 for shorter separation. The results
concerning the possgble reduction of the long-term fading are shown in Table 3.3.

The simulated maao dversity gain for two branches and seledion combining are
givenin Table 3.4, where the 99% area @verage reliability level has been used. Note
that the standard deviation of the log-normal distributed long-term fading and the
spatia correlation coefficients are used as parameters. These simulated results agree
closely with the diversity gain estimated from measurements in indoar environments
[73]. As an example, the aumulative distribution of the log-normal fading of asingle
branch and when seledive mmbining between two branches is used, are shown in
Fig. 3.22

The log-normal fading hes a standard deviation of 5 and 10 B in this example and
the rrelation between the branchesis 0, 0.4, 0.7. Note that the distribution of a sin-
gle branch is equivalent to the distribution of a diversity scheme with the @rrelation
coefficient 1.0.

Level (dB) | p=1.0 p=0.0 p=04 p=0.7

0 (dB) Mog Mog Gb Mog GD Mog GD
5 117 9.8 4.6 10.2 3.0 12.3 1.6
8 18.6 10.2 8.5 10.7 5.4 12.2 2.8
10 23.3 13.3 10.0 6.5 6.9 6.9 4.1

Table 3.4 Maaodiversity fading margin Mgg and gain Gp for the log-normal fad-
ing component with standard deviation 5, 8 and 10 B for three orrelation levels
between two branches.

3.6.2 Micro Diversity

The short-term power fluctuations around the locd mean, i.e. when the long-term
fading component is removed, can be mitigated by two antennas co-locaed at the
same mobil e terminal or base station. In this case the dfeds of the short-term fading
can be reduced if the envelopes are uncorrelated. If the scattered waves arrive & the
two antennas from all diredions, a horizontal separation As of approximately
A2 gives a aorrelation coefficient of lessthan 0.2. Thisisin genera the cae inin-
doa environments and at mohbile terminals in outdoar environments, where locd
scaterers give auniform distribution of incoming waves. At base stations on roof
tops alarger separation is necessary to combat the fading from the otherwise rre-
lated signals [74]. Micro diversity implemented at base stations $ow a significant
gain when two antennas are used, while it is difficult to oltain low correlation be-
tween threeor more branches [25].
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Level (dB) No Div. As=9-17A As=25A
Environment Mgg Mog Gp Mgg GD
LOS 125 4.7 7.8 5.8 6.7
OLOS 16.7 7.6 9.1 8.3 8.4
NLOS 17.4 8.8 8.6 9.2 8.2

Table 3.5 Estimated fading margins and diversity gain by seledion of strongest sig-
nal measured in two separate branches.

Measurements have been made & 1700MHz in different propagation environments
in order to quantify the crrelation between the envelopes at two separated antennas
and the corresponding diversity gain. The envelope arrelation estimated from meas-
urements of the narrowband signals at two antennas sparated by 2.5\ was 0.3, 0.2
and 0.3in LOS, OLOS and NLOS indoar environments respedively [73]. The corre-
sponding diversity gain using seledion combining was estimated to 6.5, 8.3 and 8.6
dB in these LOS, OLOS and NLOS propagation scenarios. The experimental esti-
metion of the diversity gain was also made using the horizontal antenna separation
17 A in LOS and OLOS, while 9 A was used in NLOS. The arrelation coefficients
were estimated to 0.0, 0.1 and 0.3 respedively and the wrresponding diversity gain
based on seledion of the sampled values are presented in Table 3.5.

To be ale to adhieve uncorrelated branches at short antenna separations, it is effi-
cient to use polarisation diversity. However, the diversity gain deaeases if the mean
levels of the branches are different (XPD<>0dB). Thisis edaly the cae in LOS.
Measurements with one -polarised and one aosspolarised antenna have been
made both in LOS and NLOS indoar environments [66]. The diversity gain, related
to the 99% reli ability level, by using seledion between the two branches was 6.3 dB.
Hence there is no significant reduction of the diversity gain due to different mean
levels.

The theoreticd diversity gain reades 10 dB with seledive combining in a Rayleigh
fading environment, if the branches are uncorrelated. However, the gainislower in a
Ricean fading environment, since the probability of deep fades is less than in the
Rayleigh fading case. In pradice dl the variations will be smoothed out by means of
the spatial diversity and the instantaneous SNR is improved, which reduces the BER.
Simulations of the Ricean distributed short fading amplitude in two different
branches have been made to evaluate the diversity gain versus correlation. The
simulated diversity gain for a Ricean fading channel with K-fadors in the range from
0 to 4 are presented in Table 3.6 The gain corresponds to a scheme where instanta-
neous Eledion combining is asaumed, i.e. seledion at eat sample point is al owed.
Note that the dhannel is Rayleigh fading when K=0, which is the worst case of the
short-term fading component. The channel is amost Rayleigh fading in typicd
NLOS environments, and here the Ricean parameter K=0 or K=1. In OLOS envi-
ronments typica average values for K isin the range 2-3, whil e the average K-facor
in LOS environmentsis equal to 3 a 4.
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The simulated dversity performance, considering the necessary fading margin for
the 99%%-level Mgg and the arresponding diversity gain Gp, agree with the results
from measurements presented above. The diversity gain is approximately 6 dB in
LOS, 7 dB in OLOS and 9 B in NLOS environments when the envelope wrrelation
p=0.3. Thisisatypicd correlation level in pradicd antenna @nfigurations, but the
gainis dill highwhen the branch correlation p = 0.7, seeTable 3.6.

Level (dB) | p=1.0 p=0.0 p=0.3 p=0.7

K-fador Mgg Mgg GD Mgg GD Mgg GD
0 19.6 9.8 9.8 10.2 9.4 12.3 7.3
1 191 10.2 8.8 10.7 8.3 12.2 6.8
2 16.6 8.4 8.2 8.7 7.9 9.9 6.7
3 14.2 6.2 8.0 6.5 7.7 7.6 6.6
4 118 6.0 5.8 6.5 5.3 6.9 4.9

Table 3.6 Simulated levels of fading margins and the crresponding diversity gain
versus envelope arrelation for the short-term fading with five different Ricean K-
fadors. Note that p=1.0 is equivalent to the performance without diversity.

The simulated cumulative distri-
10 A ‘ ‘ A ‘ butions of the short term fading
when K=0 and K=3 are shown in
Fig. 3.23. The CDF's using in-
stantaneous wledion combining
between the branches with differ-
ent correlation levels, are dso
shown. The simulated results of
ks diversity performance aree with
Wi { the experimental gain found in

‘ e typicd Ricean channels[73].

o) ket It is also possble to reduce the
. : STV ‘ long-term fading margin with mi-
ETE i RS @) ° ° cro dversty in environments
were the spatial auto-correlation

Fig. 3.23 Cumulative distribution of the short- of this component is "short".
term fading wsing two-branch seledion diversity Hence if the antenna separation
with the correlation coefficients 0, 0.3, 0.7 and exceals the size of the shadowing
1. Note that peny=1 is equivalent to the CDF objeds, e.g. furniture, stairs and
without diversity, i.e. asingle branch. people, the diversity gain of the
total fading is larger than if only

short-term fading is considered [67]. In pico-cdls a separation of 2-3 m between the

antennas give partially decorrelated branches, i.e. p0.7, and the total diversity gain

——Corr=1.0
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-------Corr=0.3
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is then gven by the reduction baoth of the long-term and short-term fading compo-
nents.

3.6.3 Wideband Diversity Performance

If the dhannel is frequency seledive within the given system bandwidth the problem
with 1SI can aso be reduced by means of antenna diversity. In this case the @rrela
tion of the instantaneous rms delay spread between the diversity branches gives an
estimate of the posshility to reducethe dfeds of time dispersion. Of course, the di-
versity gain increases when the time dispersion in the separate branches gets more
uncorrelated.

The rrelation of the delay spread values of two separate branches measured in
NLOS micro-cdl environments was estimated to 0.4 [63]. A 20 % reduction of the
delay spread was then achieved by seledion of the smallest instantaneous value of
ead branch. The time dispersion effeds can also be reduced by means of antenna
podarisation diversity, which was siown in [66]. The diversity improvement, related
to the deaease of rms delay spreal, was estimated to amost 30 % using the data
from these measurements in indoar environments [66]. The spatial diversity makes it
possble to increase the mverage aeaof a cdl for a given system quality, since the
delay spread in general increases with the cdl sizes. In a system like DECT the
maximum delay spread for a BER of 10° can be increased from 90 ns to approxi-
mately 200ns, when seledion diversity is used [75].
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