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Angle and Space Diversity Comparisons
In Different Mobile Radio Environments

Patrick L. Perini,Member, IEEE and Christopher L. HollowayMember, IEEE

Abstract—The angle diversity performances of two types  To reduce these fading outages, receive base-station antenna
of high-gain multibeam antennas—24 vertically polarized 15 djversity is used at the base site to obtain multiple Rayleigh

beams and 12 vertically polarized 30 beams—were tested and ., ahnels which can then be combined in a receiver to obtain
compared to the space-diversity performances of traditional

sector antenna configurations. The antennas were tested at@ Maximum received signal. Typically, antenna diversity is
850 MHz in dense urban and rural cellular mobile radio used only at the base station and, hence, only the up-link
environments. A vehicle equipped with a mobile transmitter fade margin is improved. The most common form of antenna
was driven in the coverage area, while the received signal giversity used in cellular systems today is two-branch horizon-

strength (RSS) was recorded on multiple receiver channels - . , .
attached to multibeam and sector antennas at the base site.ta”y separated or space diversity. In today’s advanced mobile

The RSS data recorded included fast (Rayleigh) fading and was Phone system (AMPS), the base-station receiver is equipped
averaged into local means based on the mobile’s position/speed.with selection diversity circuitry to select the maximum of the

The fast fading was extracted from the recorded RSS and the two received signals. Other digital PCS base-station receivers

fading distributions of the two multibeam antennas tested were ; ; ; ; ;
studied in two distinctly different mobile environments. Fading employ maximum ratio combiners that sum the diversity

cumulative distributions for the angular diverse antennas were Channels using a weighted combining algorithm. Conventional
compared to those of spatially diverse antennas. Diversity gain Space diversity uses two spatially separated antennas (usually a
was calculated and compared to traditional space diversity horizontal separation) and each antenna covers the same angu-
!ﬂdFQSfe% Th%tz”gnzml/grogm:pi '?)fo‘g:fn ;rr‘m‘érbags eé‘(;’:;‘;r;’r‘;ebrl‘és lar region. For a omnidirectional cell site, there are two space-
nai u [\ 157 Wi . . . .
to space diversity (-8 dB improvement). Rural tests typically diversity e_mten.nas, each covering 36Bor a three sector site,
suggested that both space diversity and angular diversity the two diversity antennas would each cover Lp@r sector.
provided little or no (<2 dB) fading reduction. A description of However, independent of the receiver diversity combiner,
the experiment, data reduction and analyses, and calculation of gantenna diversity can be implemented in different antenna con-
diversity gain are presented. The motivation for this experiment g, rations other than the horizontal spatially separated antenna
is the application of fixed multiple beam antennas (FMBA) in fi . icall di day’ lul A
cellular radio and digital personal communication systems. CF’” iguration typICf?l y l%se |n. to a;_/s cellular s_yster_ns. !
different antenna diversity configuration—angle diversity—is
considered as an alternative to space diversity. In angle di-
|. INTRODUCTION vgrsny, antennas _W|th_ narrow be_amW|dths are pqstloned in
il i . o h tiol different angular directions or regions. The two main reasons
I N cellular mobile radio communications, the multiple Propqarower beams are used are to increase the gain of the base-

agation pathS.Of thE." mobile S|gnal_to the radio t_)ase-st_ang&tion antenna and to provide angular discrimination that can
antenna results in fading of the mobile signal. This m”mpl%duce interference

path propagation channel, _often referred to as a RaylPfigh'Note that there is a tradeoff between the narrow beamwidth
fading channel [1], [2] experiences large drops in the receiv

signal strength. These fading outages can be as Iarge?(Sjr gain) and the number of antenna beams, and, hence,

S . . .
20-30 dB and occur rapidly over time as the mobile velocitﬁ’j1e com_plexny and size of the antenna, .WhICh produces
e multiple narrow beams. For example, if we use very-

incregses. De_pending on t_he severity Of. the faqmg, a fa\éﬁ:%h-gain antenna beams with 2l@eamwidths, we need 36
margin often.|s necessary in tlhe.mopne link requirements ahtenna beams pointed in 36 different direc’tions or regions
maintain a high degree of reliability in the commumc:atlon?O achieve 360 omnidirectional coverage. However, with a
link. Without this fade margin, the radio link is susceptible t?glyver gain 30 beam, only 12 beams poiﬁted in 12 ’different
increased noise in analog frequency modulated (FM) cellular . ' L

systems and higher bit error rates (BER) for digital personr gions are needed for omnidirectional coverage. Although the

communication systems (PCS). In either case, reliable voi @hgr ga|rt1_ bea;rr?s pr?duce mh(?ri galr:jand ytlﬁld b_ettler angulz:tjr
quality degrades, posing a serious concern for the mob éscn'mlna lon, the an e””aW. ICh produces them 1S _arger an
service provider eavier than the antenna, which produces fewer multiple lower
gain (or wider beamwidth) beams. The larger antennas increase
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P. L. Perini is with U.S. West Advanced Technologies, Boulder, CO 803d® get local approval or zoning for tower installation.

Index Terms—Mobile communication, multibeam antennas.

USA. o _ o , Performance of angle diversity has been widely reported
C. L. Holloway is with the Institute for Telecommunication Sciences, U.ﬁg 9. H h of th K 131161 f it

Department of Commerce, Boulder, CO 80303 USA. ]_[ I. . owever, mucnh o e W_Or []_[ ] focuses on its
Publisher Item Identifier S 0018-926X(98)04867-4. application for European terrestrial microwave hops greater

0018-926X/98$10.001 1998 IEEE



PERINI AND HOLLOWAY: ANGLE AND SPACE COMPARISONS IN DIFFERENT MOBILE RADIO ENVIRONMENTS 765

1=

Fig. 1. Multibeam antenna radiation plot of 3FMBA—azimuth pattern.

than 30 km and at frequencies ranging from 3 to 6 GHprovides for a separation of the cell into three 12@&ctors,
This work often employs two or three ray models [4], [Skach covered by two receive antennas mounted on each side
to determine the effectiveness of angle diversity. Other ref a sector of the tower top triangle. Two sector antennas, each
lated work [10] discusses angle-of-arrival statistics for similaypically with a 90-120 beamwidth, provide space diversity
microwave hops. However, these works are not applicableftsr each of the three sectors and are normally horizontally
cellular mobile radio systems. While angle diversity is nadeparated by ten wavelengths on each side of the tower top
common in terrestrial cellular systems, this paper assessestti#hgle. In this experiment, we duplicated the triangle antenna
performance of angle diversity for cellular applications.  tower configuration with two branch horizontal space diversity
In this paper, we examine cumulative distribution functionso we can compare traditional space-diversity performance to
(CDF) of the fading mobile signal on both angular an¢hat of angle diversity.
spatially diverse antenna channels to compute and compare th&s mentioned previously, with angular-diverse antennas
diversity gain of angle and space diversity. Their performanggere is a tradeoff between the beamwidth (or gain) and number
is evaluated in two d|St|nCt|y different cellular enVironment%f beams required to achieve cellular coverage. In making such
1) dense urban and 2) flat rural terrain. The expectatigitradeoff for this experiment, two different narrow horizontal
is that angle diversity should be effective in dense urb@iamwidths were used: 1) BMeams and 2) F5beams.
cellular environments where there is significant scattering ¢hese antenna beams will have significantly more gain (4-7
the mobile signal resulting in large variations in the anglgg) than a sector antenna, but the number of antenna beams
of arrival of the base station’s received signal. However, Fequired will not be too large as to make the antenna design
rural cellular environments where there is direct ”ne'Of'Sig%practical for cellular deployment. In this angle-diversity
(LOS) reception of the mobile with little or no scattering, We,ntenna configuration, 12 3heams or 24 15 beams are
expect that angle-diversity performance will be poor due {@q ired for 360 omnidirectional coverage. To reduce the
large diﬁgrences in the mean received signal on the differeffera|| antenna size of these multiple beam antennas, each
angular-diverse antenna beams. sector has a fixed multiple beam antenna (FMBA) panel which
produces the necessary number of beams to cover a single 120
II. EXPERIMENTAL SETUP sector. In our three-sector tower-top configuration, each side
Cellular towers typically use a triangular tower top configusf a sector requires a single FMBA panel, which produces
ration to mount the base station receive antennas. This triangither four 30 beams or eight 1’5beams.
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Fig. 2. Top view of antenna configurations. (a) Dense urban antenna base site location—Seattle, WA. (b) Rural flat terrain antenna base site loca-
tion—Fort Worth, TX.

The type of FMBA panels tested were butler matrix-fe(’
planar arrays [11] consisting of 1) four 3®eams per panel
and 2) eight 15 beams per panel. The azimuth pattern for th
four 30 beam FMBA panel is shown in Fig. 1. As shown in
Fig. 1, the four 30 beams point in different azimuth directions
(—45°, —15°, +15°, +45°) from the sector boresight in
order to provide coverage over the entire sector. A simili
distribution of eight, 15 beams over a 120sector is also
achieved with the 15 FMBA panel. Note the elevation or
vertical beamwidth is constant at ?L¥or all beams produced
by the 15 and 3G FMBA panels. Typical peak gain is 17 dBi
for the 30 beams and 20 dBi for the ?5heams.

Separate tests were performed using the &@d 15 multi-
beam antenna panels placed in this typical three-sector trianl
configuration. The three sector antenna configurations for ti
two different cellular environments are shown in Fig. 2(a) @
and (b). For both the 30and 15 tests, the sector antennas
remained unchanged, and the°36r 15 multibeam panels
were placed between the sector antennas as shown in Fig.
Note that the sides of the sectors (i.e., tower faces) ar
designated with the letter&, Y, and Z. In cellular, we
typically denote the top or northward sector &sand the
Y and Z faces are labeled clockwise from th¥ face.
Consequently, th& face orY sector typically points southeast
and theZ face points southwest. The dense urban tests wer
conducted in downtown Seattle and Bellevue, WA, while the
rural flat terrain tests were conducted north of Fort Worth, TX.

each tower face, along with a second diversity sector anten

approximately 3 m (10 ft) away to provide a space diversity (t;) N

for the X, Y, and Z sectors. The sector antennas used for ] )

the space-diversity comparison had & 82imuth beamwidth, E'(?r't f,'\lor'fh'jo;‘;f’ an?:;ﬁgnﬁ‘)ct;at;enls'tes' (2) Seattle, WA, antenna location. (b)

a 15 elevation beamwidth, and approximately 13-dBi peak

gain. Photos of the urban and rural antenna configurations are

shown Fig. 3(a) and (b), respectively. to the RSS data acquired at the base site to allow position
The outputs from the antenna ports for the three antenf¢eraging of the received signal at the base and to analyze

configurations (1% beams, 30 antenna beams, and sectofliversity performance at a specific location in each mobile

antennas) were connected to independent radio receivergagio environment.

the base-site location and the received signal strength from thdhe mobile vehicle was driven in the antenna coverage

mobile transmitted signal was recorded. For this experimeatea within several kilometers around the base site and RSS

a mobile vehicle was equipped with a rooftop mobile antengiata was collected over several days of drive testing. The

transmitting a 20-W continuous-wave (CW) radio signal at multichannel RSS data collected was stored in data files that

frequency of 850 MHz. A global positioning system (GPSgontain up to 30 channels of RSS data. The 30 channels

receiver provided vehicle location and velocity informatiogonsisted of six sector antenna channels and 24 Eam

as the mobile RSS was recorded at the antenna base sitéenna channels for the LBnultibeam experiment. For the

With GPS, the vehicle position was synchronized in tim80° multibeam experiment, only 18 channels need to be



PERINI AND HOLLOWAY: ANGLE AND SPACE COMPARISONS IN DIFFERENT MOBILE RADIO ENVIRONMENTS 767
] e e =
- =
| | ———Primary Sector Only, CDF, )
0.1000 |— Spatial Diversity Selection, CDFy, . =
- ]
> h
E 00100~ . - E
° - . E
a ,,’ ]
00010}~ e =
: I’ :
L p
00001 o W7y vy N A AT RGN L
-40 -30 -20 -10 0
Fade Depth (dB)
(@)
1.0000 T T T T T T T T Y T T T T T T T T T T T
: ———Strongest Beam Only, CDF, L /f
Angular Diversity Selection, CDF, 7
0.1000 |- E
- 1
L
. 3 i
8 00100~ 3
[=] [ z
i - h
00010} R E
00001 ot v v 0 v v b v e vl e ) L i
-40 -30 -10 0

-20
Fade Depth (dB)
(b)

Fig. 4. Fading CDF’s in an urban environment using (a) space diversity and (b) angular diversity %ithultheams.

connected and recorded—the six sector antenna channels emdronment. For example, in Fort Worth, TX, to examine
12 30 beam antenna channels. These data files typicatiypical rural mobile coverage, we chose drive routes on the
represented approximately 160 s of vehicle drive time farorth tower face (otX sector), with a unblocked LOS path
each of the 30 recorded channels. The duration of the dattween the mobile and base site antennas. However, in down-
file was selected to provide a reasonable amount of drive tirteavn Seattle, WA, drive routes were selected on the southwest
for analysis and to keep each recorded data file approximattdyer face (orZ sector) where the antennas pointed directly
9 Mb in size for data management purposes. The receiviatb the side of a skyscraper. In this case, the mobile signal was
signals were sampled at approximately 1 kHz resulting tompletely nonLOS to the base. Consequently, this resulted in
about 160000 RSS samples per channel or 4800000 samigsificant scattering of the mobile signal and large changes
per data file. Note that all 30 channels were recorded in a déahe direction of arrival of the base site’s received signal.
file regardless of whether the 15r 30° beams were tested.
With this many samples per antenna channel, these data files
provide enough fading data for diversity analysis and, there-
fore, we were able to select specific data files correspondingTo evaluate the Rayleigh-fading statistics, we must extract
to a specified location that best represent the mobile radie fast-fading signal from the local mean signal level. A

I1l. DATA REDUCTION
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Fig. 5. Fading CDF’s in an urban environment using (a) space diversity and (b) angular diversity ithuBtbeams.

fading mobile radio signal results from the multiple rays arriva function oflog(1/r?) in rural environments antbg(1/r*)

ing at the base antenna with different phases and amplitudlesdense urban areas.

producing random fluctuations in the total received signal. ThisTo computem(t), »(t) must be averaged over a distance
fading has been shown statistically [1], [2] to have a Rayleighf 40 wavelengths [12], which is approximately 15 m (50 ft)
distribution. The received signa{z) on an antenna channelat 850 MHz. Since the distance traveled depends on vehicle

can be expressed speed, the mean signal level can be computed as
() — 1
r(t) =m(t) + () 1) m(t) = — / r(t) dt )
At At=(40A/v)

where f(¢) is the fast Rayleigh-fading signal and(t) is the
local mean signal level. The mean signal level is the powetherewv is the vehicle speed andt is the time required to
received due to the average propagation loss between tfavel 40 wavelengths at that velocity. Note that the averaging
mobile and base site and, henee(t) decreases as distanceperiod At varies with vehicle speed and, hence, the averaging
between the base and mobile increases. Often modeled geaod changes over time. This is important because if the
log-normal signalyn(t) is a slower variation in the receivedaveraging period is too short, at slow speeds the mean signal
signal thanf(¢), and, typically,m(¢) varies with distance as m(¢) will contain large fluctuations due to fading. Conversely,
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Fig. 6. Rayleigh-fading in an urban environment using (aj 8@ctor antenna and (b) 30nultibeam antenna.

at high speeds, if the averaging period is too long, fluctuation¥. ANTENNA SELECTION DIVERSITY AND DIVERSITY GAIN

in m(t) due to propagation loss over varying terrain will be ceyiar systems employ receive diversity at the base site
averaged out. Using the appropriate averaging period Wi yeqyce signal outages due to fast fading. A diversity
vehicle speed provides an accurate estimate(@) over time. ocoiver can be switched between two antenna channels that
By subtractingm(¢) from «(t) we obtain the Rayleigh-fading paye uncorrelated fast-fading signals in order to obtain the

signal f(t) maximum signal output. Two such antenna channels with
A — (s (8 dt receive signals+(¢) and r»(¢), each containing fast-fading
fO=r-% | 7® components given by () and f,(¢), form the output of a
With the mean signal removed, the fast-fading signal varies

selection diversity receivetq;, () expressed as
about a zero reference and the probability of fading outages Faiv(t) = Maximum{r (t), 72()} (4)
(in decibels relative to the mean RSS) can be independently
examined. Typically, this is plotted as a cumulative distributiowhere r4;,(¢) is the greater ofr(¢) and r»(¢). In space
function (CDF) of the fading signaf(¢) such as those figuresdiversity the mean signals for the two antenna channels are
presented in Section V. m1(t) and mo(¢). With angle diversity, there is a separate

3)

At=(40A /%)
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TABLE | should be effective in mitigating fading. However, in rural
ANGLE AND SPACE DIVERSITY GAIN COMPARISONS IN () environments if the received signal has a unblocked LOS path,
URBAN AND (b) RURAL MOBILE RADIO ENVIRONMENTS . . .
the difference betweem(¢) and m2(¢) will be significant
Urban Seattle Tests 15° Multibeam - Fig. 4 | 30° Multibeam - Fig. 5 and, Consequently, angle diversity should be less effective.

Angle Gun(1%) 8.5 dB 75dB Diversity gain performance is obtained by comparing the
Space Cun(1%) 58.0dB 70dB fading CDF of f;(¢) on a single antenna channel at a specified
Angle G.u(10%) 40 dB 25 dB probability to the fading CDF offy,(¢), the fast fading
Space Gu(10%) 40dB 25dB associated with the selection diversity receiver outpi(t).

@) In space diversity, we use thf (¢) of the primary sector

antenna X, Y, or Z) in which the mobile resides to obtain the
Rural Ft. Worth Tests | 15° Multibeam - Fig. 7 | 30° Multibeam - Fig, 8 fading CDF of a single antenna channel. However, in angle
diversity, f1(t) comes from the fast-fading components of the

Angle Gu,(1%) 0dB 1.0dB i )

Space Gx(1%) 2.5 dB 5.5 dB stongest beam available;;(t). Note that over timesm(t)
Angle Ca(10%) 0dB 0dB and, hencefl(t) may come from'dlfferent antenna peams as
Space G,,(10%) 1.0 dB 2.0dB the maximum mobile received signal changes its direction of

arrival at the base site.

To make the comparison of the CDF’s #f(¢) and fuiv(2),
we express the CDF of;(t) as
mean signalm;(¢) for each antenna beam, wheteis the
antenna beam number. For examplaanges from 1 to 12 CDF, = P[X; < z,] (6)
for the 12 30 beams and from 1 to 24 for the 24°1beams.
To obtain the angular diverse receive signal§&) andr:(t), whereX; is the fade depths of; (¢), the random variable of
we need to determine the strongest two mean received signal3l';. We express the CDF ofy;,(t) as
m1(t) andms(t) from the available antenna beams. Note that

(b)

for each pair of mean signal averages(t) andm(t), there CDF4iv = p[Xaiw < 2] @)
will be a corresponding pair of;(¢) andr(¢) that can come
from any pair of the available antenna beams. where X s, is the fade depths of4;,(¢), the random variable
With 74, (t) defined, the fast-fading signal componendf CDFg;,. The diversity gainGa(p,) at the specified
faiv(t) can be expressed as probability p, is expressed as
funtt) = { D 7 ) ©) Gain(po) = XawP = pol - Xa[P = p] (4B)  ®)

In angle diversity,m;(¢) and ma(t) are not generally equal whereXq;,[P = p,] is the fade-depth value, at the specified
as is the case with space diversity. This is because with angtebability p, for the CDF of fy;,(t) and Xi[P = p,]
diversity, the antenna beam coverages of the two diversigy the fade-depth value, at the same probability, for
antenna channels are not identical or pointed in the sathe CDF of fi(¢). Note that the specified probability,
direction. In a base-station receiver, diversity selection is maige constant when comparing the two CDF's and that the
between the absolute power levelg(t) and () with no resulting diversity gain is the difference of the two fade-depth
knowledge ofm (¢) andm,(t). Since the fading can be muchrandom variables(; and Xy;, in decibels. Depending on the
greater than the difference between (t) andm»(¢), faiy(t) probability p, specified, the resulting diversity gain changes.
may contain fast-fading signal components-gft) (i.e., f1(¢))  Typically, diversity gain is evaluated at = 0.01 or p, = 0.1
even though the mean signal,(¢) is greater thann, (¢). to obtain the fade-depth improvement at 1 or 10% of the total
Diversity is effective when two (or more) antenna terminafding outages.
produce mobile received signal strengths that are uncorrelated he computation of diversity gain is identical for both space
with regard to mobile Rayleigh-fading, but whose local avand angle diversity once, (¢) andry(t) are specified for both
erage strengthe; (t) andma(t) are about equal. If the two cases. For the spatially diverse sector antennas, we used the
mean signals are unequal or unbalanced,rsaft) > m»(t), two antenna channels from the sectdf, ¥, or Z) in which
then diversity performance degrades because the receitfeel mobile was located. The space-diversity antenna responses
signals being compared for selection diversityt) andro(#) of the sector antennas(¢) andr2(¢) can be compared using
are at different references. This imbalance causes the dBgto obtainfy, (¢). Oncefqi,(t) is known, the cummulative
channel with higher mean powet (¢) to be selected more distribution functionsCDF 4;,, and CDEy can be obtained and
often because it needs to fade by the differemgét) — mo(t) the space-diversity gain computed using (8).
beforer,(t)’s absolute power drops below(t). This paper In the case of the angle diversity, the primary selected
demonstrates that this possible imbalanceir(¢) andm.(¢) channelr;(¢t) was theith antenna beam (of the 12 or 24
impacts angle diversity performance in rural or LOS cellulavailable) that had the greatest average power, which we shall
environments. Due to the multiple angles of arrival of thdenote asn;(t). The second angular-diverse antenna beam
received signal in urban environments (i.e., scattering of the(¢) was selected by choosing the next beam with the second
mobile signal), this imbalance will be small and angle diversitstrongest mean signal denotedrag(t). Note that with angle
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Fig. 7. Fading CDF’s in a rural environment using (a) space diversity and (b) angular diversity Witmudlbeams.

diversity, the antenna beams with the strongest two averatjeersity using the 15 beams shown in Fig. 4(b). Similarly,
signal levels from all 12 (or 24) available beams are usédg. 5(a) and (b) shows the comparison of space diverity
to obtain the appropriate; (¢) and r»(¢). Hence, for each with angle diversity using 30 beams. Note that in both
pair of mean signal averages(t) and m2(¢) there will Figs. 4 and 5, the dashed line represents the CDF; 0f),
be a corresponding pair ef (¢) andrz(t), which can come CDF; and the solid line represents the CDF ¢f;,(¢),
from any pair of the available antenna beams depending ODF4;,. Fig. 6 gives two examples of the fading signals and
which beams had the strongest mean signal levels. @y{¢¢ demonstrates, temporally, the effect of diversity on mitigating
andr.(t) are known for the angle-diversity configuration, wéading. Fig. 6(a) depicts the fading process on two space-
can obtainfuy (t) and, consequentlyCDFy;, and CDF; to  diversity antenna channels and Fig. 6(b) shows the fading on
compute the angle diversity gain using (8). two angular-diverse antenna channels. In both plots, the solid
line is the output of the diversity receiver and the dashed lines
are those fades that were eliminated from the primary antenna
Figs. 4 and 5 depict the fading CDF'’s for space diversityhannelf; (¢) by employing selection diversity.
and angular diversity in a dense urban environment. Fig. 4Notice in the urban environment of Seattle, WA, the fading
compares space diversity, shown in Fig. 4(a), and angufabF's of a single channelDF; (shown as dashed lines in

V. EXPERIMENTAL RESULTS



772 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 46, NO. 6, JUNE 1998

10000~ 7 v T T T T T L L B AL S S B I BB B LB S S B B AN BN B B B T’i
B / -
r ’
. | ———Primary Sector Only, CDF, L7 .
Spatial Diversity Selection, CDF;, B
0.1000 = / =
z i
8 00100
o - ’
a r L
0.0010 -7 / _
= R -
r 7 7 -
- J
- 7 / .
ooootl . v oo e e Lv v
-40 -30 -20 -10 0
Fade Depth (dB)
(@
1.0000F T T T v = A T 3
i ———Strongest Beam Only, CDF, i
Angular Diversity Selection, CDF,,
0.1000

T

L]

0.0100

Probability

T T

0.0010

T

Ll

T

0.0001
-40 -30 -20
Fade Depth (dB)

(b)

Fig. 8. Fading CDF’s in a rural environment using (a) space diversity and (b) angular diversity Witm@0beams.

Figs. 4 and 5), is approximately Rayleigh distributed whetbe angle and space-diversity performance. Those results are
1% of the fades exceed20 dB. With diversity implemented, tabulated in Table 1(a)

we see tha€CDF g, is to the right ofCDF, indicating that the  Figs. 7 and 8 give the fading CDF’s for angle and space
probability of deep fades is reduced when comparedIid';. diversity in the rural flat terrain of Fort Worth, TX. Fig. 7
Recall from (8), the diversity gain is the difference betweetcompares space diversity [shown in Fig. 7(a)] and angular
the two CDF's abcissas at a specified probability. For examptéyersity using the 15 beams shown in Fig. 7(b). Similarly,

in Fig. 4(a), 1% of the fades exceeded 9 dB on a single Fig. 8(a) and (b) show the comparison of space diversity
channel, but with space diversity, only 1% of the fades wewith angle diversity using 30beams. Fig. 9 gives two more
below —11 dB. Therefore, the space-diversity g&#;,(1%) time history examples of the fading signals and demonstrates
is 8 dB. As mentioned previously, depending on the probabilithe negligible effect of diversity on mitigating fading in
specified, the diversity gain changes. For example, in Fig. 4(ajral environments. Fig. 9(a) depicts the fading process on
at 10% probability, the space-diversity gaih;,(10%) drops two space-diversity antenna channels and Fig. 9(b) shows
to about 4 dB. Similar computations can be made with thke fading on two angular diverse antenna channels. In both
other CDF’s of Fig. 4(b) and Fig. 5(a) and (b) to determineases, notice how infrequently deep fades occur and how little
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Fig. 9. Rayleigh-fading in a rural environment using (af %ector antenna and (b) 30multibeam antenna.

diversity improves fading outages. Because of the direct LQ®th the angular diversity performance being slightly higher
path, the fading CDF of;(¢), CDF; has moved significantly than space diversity at the 1% probability level. However, in
to the right, indicating that there are very few deep fadéke rural tests, the overall improvement provided by angle and
(exceeding—10 dB). The fading CDF’'s ofSDF; in Figs. 7 space diversity was much less. Typically, in the rural setting,
and 8 more closely resembles a Rician distribution as oppoghd fade probabilities improved 1-2 dB for space diversity;
to the Rayleigh distribution seen in the CDF’s Figs. 4 and %irtually no improvement was obtained using angle diversity.
The space and angle diversity gains for the urban andAs mentioned earlier in this section, the possible imbalance
rural tests are tabulated in Table I. The urban results fromom;(¢) andm(¢) for angular diverse antennas impacts angle
Figs. 4 and 5 are tabulated in Table I(a) and the rural diversityersity performance in rural or LOS cellular environments.
performance is given in Table I(b). For the urban tests ifhis power imbalance on diversity channels can be examined
downtown Seattle, the diversity gain of the°1&nd 30 by plotting the CDF of the difference between,(¢) and
multibeams using angular diversity seemed to compare closety(¢). Such CDF'’s in urban and rural environments are shown
with traditional sector antennas employing space diversityigs. 10 and 11, respectively. Recall that in the high-scattering
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Fig. 11. CDF of mean-power differences on angle- and space-diversity channels in an rural environment.

urban environment, we located the mobile in thesector (or expected in a LOS situation when narrower angular beams
Z-tower face). For this sector, the power imbalance at tifinted in different directions are used. Large imbalances were
50th percentile of Fig. 10 is less than 2 dB for both the ot seen with the space-diversity antennas since both antennas
sector antennas and the multibeams. This suggest that tHeg¥e identical coverage in a sector.

is significant scattering of the mobile signal as to produce

littte or no imbalance irm,(¢) and my(¢). However, in a VI. CONCLUSIONS

rural dirgct LOS-type environment, 'the power imbalance on Results for angle and space diversity were compared in
the multlbe:?\ms at the 50th percentile of Fig. 11 was OVe_roqu‘ferent mobile radio environments. The results indicate that
dB, but the imbalance on th&-sector antennas (the sector iyngle diversity compares closely with traditional space di-
which the mobile resided for the rural tests) was only 1 dBersity in a complex scattering or dense urban location.
The larger imbalance on the angular diversity channels reduagéwever, for rural applications, angle diversity does not work
the angle diversity gain significantly. This imbalance is to bas effectively as space diversity. The main reason for the
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degraded angle-diversity performance in rural locations iSs[A] R. E. Collin, Antennas and Radiowave PropagatioNew York:
Igrge mea':]_SIQnal Imbalance on the dlverSIt.y Chz.a'nnel.s' T \'\IA\IC.:(i(r.aV(V:-.Hll_Ige%g‘%ssjtiPnpétg“gf_lzt)‘lcggl average power of a mobile radio
difference in mean signal reduces the selection diversity gain" signal,” IEEE Trans. Veh. Technolvol. 34, pp. 22-27, Feb. 1985.

on the order of that imbalance. Angle and space diversity

reduce fading outages in an urban mobile radio environment

where the propagation channel experiences Rayleigh-fading.

However, less improvement is obtained in rural environments
where the propagation channel is better described by Rici
fading. This research suggests that angle diversity can
considered for combating fading in urban cellular and PC
deployments.
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