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Abstract—At present, the systems of mobile communications The method to increase secondary lobes isrithesl in
demand major capacity in the services, therefore dpnum space  Section IV and finally, Section V presents differen
diversity is needed. In this paper, we propose a memethod of gjmulations to obtain a radiation pattern by insieg the
beam-forming to improve the space diversity and adbve  54ninde of side lobes, which is comparable tordutation

frequency reuse. Our proposal consists in solving aystem of ) : .
linear equations from an 8-elements linear antennarray that pattern of Dolph-Chebyshev which has a polynomreleo of

increases the size of the side lobes. This methadcompared with m = 8and a maximum ratio of 4 dB side lobes.
the algorithm of Dolph-Chebyshev. Our method shows
competitive results in increasing the space divetsi. II. ARRAY FACTOR FOR LINEAR WEIGHTED UNIFORM

SYMMETRICAL ARRAYS
Index Terms—Beamforming, Space diversity, Linear antenna

array, Dolph-Chebyshev. An antenna array is a set of simple anterwaish are

connected under certain conditions, and they anallysequal
and oriented in the same direction. They are agdng a
specific physical layout and relatively close wispect to

I N RECENT DECADES the interest in the antenna array hagaCh other. The combination of all these parametergdes a

I. INTRODUCTION

L . : . unique radiation pattern with desirable featureshsas width
grown significantly due to it plays an importanieran X . .
. Y of the main lobe, the location of zero and maximaingles,
mobile communications systems. Now these systenis
among others [11].
Figure 1 shows the linear weighted uniforrmeyetrical

array used in this work.

demand more services due to in the constant inereashe
number of users, and as a possible solution toptiblem
several studies have focused on a new mechanismrkag
division multiple access space (Space Division ldt A4
Access, SDMA) [1-7] which provides the ability teuse
resources (frequency bands, slots time, codes or a
combination) simultaneously within the same servérea.
The goal of this paper is to propose a method tonige the
space diversity of a linear antenna array. A neshi@ue of
solving linear equations of a linear array of 8nedmts to
increase the magnitude of the side lobes and ingpepace
diversity is proposed. This method is compared Witharray 0 1o o -0 oI\ —o
factor of Dolph-Chebyshev [8] which is used to oy space -RMDd2 - 3d2 —az 0z 3d2 2M1)d2
diversity and it is considered important becausdas the
largest amplitude of side lobes around the maie kitle.

In Section Il the method for designing a wedgl and In Figure 1d is the distance between adjacent elements,
symmetrical array factor (AF) [9] is described. Treay has a g the angle of measurement ang are the respective weights
total of elements equal t8 and an equidistant separations,, aach element of the linear array.

between the elements af= 1/2. Section Il will show the The array factor is obtained by adding theulteof the
algorithm for calculating the factor of Dolph-Chalbev array weighing of each element such that:

[8], with a Chebyshev polynomial order = 8 and a side lobe
levelR = 15dB [10]. (2M-1)

Wy Wy Wy W, Wy Wy

Fig 1. Linear weighted uniform symmetrical array.

- . . ) - kd sind —jakd sin 8
The radiation pattern of Section Il is usext & first FA=wye™’ 2 Tt we 2T
comparison with the pattern of Dolph-Chebyshevatln in wlej%kd sinf 4 awei@kd sing (1)
Section IlI.
) ) ) ) where k= 27" We can express the above formula in terms of
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whereu = kdsin#, note that the array factor is maximum if For an 8-elements array factor, the positive andatiee

the angled = 0. angles where maximums and zeros appear are shown in
In this paper we use the following array dacfor a Table .

number of elements equal to 8 with an equidistastadce

between elements df= /2. TABLE |. POSITIVE AND NEGATIVE ANGLES FORM AXIMUM
AND NULL.
FA = wle—j(z"‘;l)kdsine n wze—i(2'32_1)kdsin9 n Maximum Nulls
.(2:2-1) . 1 . o
wye ™z RSO 4, o ~igkdsind + @3 +22.02 +14.47
1 . [(2:2-1) . + o + o
wsejzkdsme + (1)661 > kdsiné + +38.68 +30.00
.(2:3-1) . .(2:4-1) . o] [0}
w7e]_2 kdsing + wse]_z kdsing +61.04 +48.59
+119.8° 490.00°

Figure 2 shows the radiation pattern of theafactor
used in this article.

Ill. DOLPH-CHEBYSHEV ARRAY FACTOR

09 Iy — The method Dolph-Chebyshev Array was ingiall

0s BRI investigated by Dolph and it is based on the stidig

07 [ Chebyshev.
Bos Dolph in 1946 proposed a method to calcuthte array
205 [ factor; this method is based on the approximationthe
§ 04 | \ structure of the linear array by means of the Chbby

03 l’ \\ polynomials of ordem[9].

02 FaN N\

01 //\\//'\V/ \V’ \V/ \V/' \vf\\ 1) The Chebyshev polynomials (ChP)

0 -80 -60 -40 -20 0 20 40 60 80 .

Theta The ChP of ordenare defined as:

Fig 2. Radiation pattern of linear uniform symmetric arcdy8

elements and equidistant distancelaf/2. (—1)m cosh(m . arccosh|z|) s<1

T, (2) = cos(m : arccos(z)) -1<z<1 (g)
Null or zero angles of the array factor isaded when: cos h(m . arccosh(z)) z>1
O puis = Sin~t (i (iZ"T” — 5)) n=1273,.. 4) Chebyshev polynomials can also be generas@u uthe

following recurrent formula:

whereN is element arrayg is the difference of the electrical
phase between two adjacent elements. For realsasglé is
less than or equal to one, therefore, the argunoénthe
equation must be less than or equal to one, thisnmé¢hat
only a finite set of values satisfy the equality.

The angles of the side lobes are the greafssh:

Tm(z) = 2ZTm—1(Z) - Tm—Z(Z)' (9)

We find the first ChP by evaluating equat{®), and the
first eight polynomials are:

4(2)=1
1 2n+1 E(Z):Z (10)
0, = sin? (— E 5)) n=1,23,.. (5) t(2)=22-1
kd N
t(z)=42° -3z
The width of the main beam is defined as angular t4(z)i8245—822+31
aperture of the main lobe measured at a given anhgbwer '5(2)‘1625_2024+52 i
level and it is obtained when: t(2)=322° - 482" +182° -1
t,(z)=642" -1122° +562° - 72
- 1 (+2.782
0, =sin™! (g (—N - 5)) (6) It can be observed that if the module &f greater than or

equal to 1 then the ChP are directly related to dbsine
where 6, and _ are half-power points and they arefunction.
normalized to aFA = 0.707. The bandwidth of medium
power is determined as follows: 2) Properties of Chebyshev polynomials

We must take into account some of the properties of

HPBW =16, —6_| () Chebyshev polynomials:
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a) All polynomials of any m order will pass througle th
pOint (1'1) 1 ‘;IinearArr;y
b) Within the range-1 < z < 1, the polynomials have 08 l \ | ==+ Array Dolph-Chebyshev
values in-1, 1]. 08 / \
C) All null values occur within the range1 < z < 1. o7 , \
d) The maximum and minimum values within the range z g o , \
[[-1, 1] have values-1 and—1 respectively. 2 o5
e) The higher the order of the polynomitile steeper the §M ’ \
slope of |z] = 1 03 I \
The zeros of Chebyshev polynomials are catedl as 0 ] VoA
follows: ol AN TRV
(2 1) DT 0 -E{ -60 V-dﬂ \‘{; -ZUv 0 VZU '\&/ Aﬂv 60 \;U
co{m] m=0,1,..,N—1 (11) _ - Theta
2N Fig. 4. Radiation Patterns from Linear Array and Dolph-
Chebyshev.

In Figure 4 we can observe that the widtthefmain lobe
is the same in both radiation patterns. The angditaf the
first side lobe of the radiation pattern from theear array is
greater than the amplitude of the first side lobthe radiation
pattern from Dolph-Chebyshev method.

The level of the amplitude of the second ahid
m=N—1, (12) secondary lobes of the radiation pattern from Deolph
Chebyshev are greater than the second and thieddlies of
the radiation pattern from linear array. The finsil in both
radiation patterns is located at the same angletheusecond
and third nulls from Dolph-Chebyshev are shiftethwespect

3) The designing of the Dolph-Chebyshev Array Factor

The approximation of the linear array of amigs through
the ChP is accomplished by the proposal of the munab
elements in the array, in this case we propdsed.

where m is the order of Chebyshev polynomial.
Chebyshev polynomials are identical to equation {Rwe
write them as follows:

Ty-1(z) = M . a,cos[(2n — Du] (13) tothose from the linear array.
d B . This comparison suggests that there is netgaificant
where= (5°)cos 8, a,= Chebyshev coefficients. difference between the two radiation patterns.
The level of side lobes in dB and the rectdaigshape can
be obtained by: IV. METHOD FOR INCREASING SIDE LOBES
o = IF:—I‘ R =20log,o (R,), R, = 10%/20 | (14) For increasing the side lobes the weighinghefantenna
ls

array has to be chosen so that a null value wilplaeed in
whereFA,, is array factor of side lobeg, is the level of the calculated directions and a maximum value will teced in
main lobe ancR is the level of the side lobes with respect téhe angles of the side lobes and leaving the péakeomain

the main lobe. lobe in the direction of interest [10].
Figure 3 shows the radiation pattern gendragea Dolph- For a set of 8 elements the vector of thayais given by:
Chebyshev-type amplitude distribution with a totamber of
elementN = 8 and a ratio of lobes & = 15 dB. a(0) = [e—j%kd sin Be—jgkd sin @ —j%kd sin @ e—j%kd sin @
A comparison between the radiation pattemmsnf the 1 5 7
original array factor and the Dolph-Chebyshev métlis pJzkdsing ,j3kdsing ,jskd sin 6 ejfkd SOy
shown Figure 4. (15)
1 The weighting vector is described as follows:
0.9 —‘ Array Dol‘ph-Chebys;hev
o:a / \\ W = [w; w; w3 Wy w5 Wg W7 W] (16)
o ’ \ Therefore the total array is the sum of theter array plus
G 08 [ the weighting vector obtained:
Eo05
20 [ )
= ’ \ s =pwT a_w e jzkdsme_'_w e 12kdsm9+w e jzkdsme_'_w e 1zkdsm9
0.3 ’ \ +w5e’2kd5m9+w ejzkdsln9+ W, ejzkdsm9+ wg e/—kdsm9
02
0.1 // \V/\Vf \ VI \v/ \Vﬁ \V/ \\ (17)
" e @0 20 e P 40 80 80 Since there are 8 variables we have 8 camditio satisfy:
Fig 3. Radiation Pattern of 8-element Dolph-Chebyshevand
ratio of lobes of 15dB. S1=w, eTigkdsing 4 N o igkdsingy | W, e ikdsing: | N o igkdsinG:

+wlejzkdsm61 + wlejzkdsmel +wlejzkdsm91 + wlejzkdsmel =c1
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7 . .5 . .3 . 1 . 1 . .3 . .5 . .7 .
—j5i —Jj5 —Jj5 —Jj5 Skd 0, Skd 0. Skd 0, Skd 0,
SZ = w,e jzkdsmgz + w,e jzkdsmez +0)3€ jzkdsmgz + w,e jzkdsmez +(J)5€]2 sin 6, +0)6€]2 sin 6, + (1)7612 sin 6, + (1)86‘]2 sinf, _ 0
.1 . .3 . .5 . 7 .
+w ejfkdsmgz +w elfkd sin 6, +w ejfkdsmgz +w ejfkdsmgz =c2
s 6 7 8 —~jZkd sin 6 —j2kd sin —j2kd sin e —jzkd sin
S; = we’2 3+ wye 2 3+ wye2 S+ wue’2 3
.7 . .5 . .3 . 1 . 1 . .3 . .5 . .7 .
53 — wle—jfkdsm 63 + wze—jfkdsmeg + w3e—1§kd sin 63 + w4e—j§kdsm63 +wsejfkdsm 03 + w661§kdsm93 + w7ejzkdsm 03 + wgejzkdsm 03 =0
.1 . .3 . .5 . 7 .
+w e]?kdslngg +w elfkd sin 63 +w e]?kdslngg +w e]?kdslngg =c3
s 6 7 8 —~jZkd sin @ —j3kd sin 6 ~j3kasine —jZkd sin@
S, = wie’2 ‘+ wye 2 * + wze 2 ‘+ wue 2 4
.7 . .5 . .3 . 1 . 1 . .3 . .5 . .7 .
54 — wle—jfkdsm 64 + wze—jfkdsm&, + w3e—1§kd sin 6y + w4e—j§kdsm64 +w5e’7kd sin 6y + w6ej§kdsm94 + w7ejzkdsm 64 + wgejzkdsm 64 =07
1 . .3 . .5 . .7 .
+w5617kd sin 6, + wﬁejfkd sin 6y + w761§kd sin 6, + wgelfkd sin 6, = c4

7 . .5 . .3 . .1 .
SS - wlefjikdsm 05 + wzefjikdsmgs + (1)36‘7]7]“1 sin Os + w4efjikd5m65

7 . .5 . .3 . 1 . .1 . .3 . .5 . 7 .
—Jj5i —Jj5 —Jj5 —Jj5 Skd 0, Skd 0, Skd 0, Skd 0,
Ss = w e JkAsInOs ) pTigkdsinds |, emigkdsinds 4, gigkdsinbs FwgelZ Y5 4 9@l 2T s 4y, @l 2KAT s g el2X0 05 = 0,7
.1 . .3 . .5 . 7 .
+w5€]7kd5m65 + a)éejfkd sin Os + w7e]7kd5m65 + wsejikdsmgs =c5 , s s )
_ —jzkd sin O¢ —j5kd sin 6 —jzkd sin O¢ —j5kd sin 6
Se = we 7’2 + w,e™2 + wze™2 + we”’2
.7 . .5 . .3 . 1 . 1 . .3 . .5 . 7 .
56 — wle—jfkdsm ‘A + wze—jfdeL‘VIGé + w3e—1§kd sin B¢ + w4e—j§kdsm66 +w5e’7kd sin B¢ + w6ejzkdsm96 + w7ejzkdsm ‘A + wgejzkdsm B¢ =07

.1 . .3 . .5 . 7 .

+w e}jkdsmgs +w elfkd sin B¢ +w e}jkdsmgs +w e}jkdsmgs =c6

5 6 7 8 —jZkd sin 6, —i3kd sin 6, ~i2ka sin 6, —jtkasine,

S, = w,e 2 + wye 2 + wze 2 + wyie 2
7 . .5 . .3 . 1 . 1 . .3 . .5 . .7 .
57 - wlefjikd sin 65 + wzefjikd sin 6, + (1)367]7]“1 sin 6, + (1)467]7]“1 sin 6, +(J)5€]§kd sin 6, + wsejfkd sin 6, + (1)761?“1 sin 6, + a)sejfkd sin@; _ 0
1 . .3 . .5 . .7 .
+w ejfkdsm& +w ejfkdsm 6, +w ejfkdsm& +w ejfkdsm& =c7
s 6 7 8 —~jZkd sin 6 —j3kd sin —j2kd sin e —jzkd sin
Sg = w,e 7’2 8+ wye 2 8+ wge )2 8+ w,e’2 8
7 . .5 . .3 . .1 . 1 . .3 . .5 . .7 .
—Jj5 —Jj5 —Jj5 —Jj5 0, Skd 0, Skd 0, Skd 0, Skd 0,

58 = we jzkdsmes +0)2€ ]desmgg + wse jzkdsmes + w,e ]desm s +(J)5€]2 sin Og +0)6€]2 sin fg + (1)7612 sin Og + (1)86‘]2 sinfg _ 0

+wsej%kdsin63 " wéej%kd sinfy | w7€j%kdsin63 " wsej%kdsinsg —c8
19)
(18) . . : .
The result from this equation system willbweights that

wherecl, -, c8 are constantWe have a system of equatioRg| satisfy each condition. The obtained weightse a
where each equation is equal to the magnitude efisired g pstituted in the array factor in the formula (17)

level of secondary lobes which is trying to keee thidth of This process will be held in every case tdawb the

the main lobe in the half-power points. Solvingsthystem of aqiation pattern. Figure 5 shows the radiationepatobtained
equations the weights can be obtained for eachitbomd from the first case:

V. SIMULATION 1 77 —
. . . . . : \_ ===t=Linear Array
In this section, we describe the processrforeasing the 08 P\ o Mo unearAnaA
secondary lobes in a linear array of 8-elementrargevith an 08 /N'\_/ \
- ) NA
equidistant distance between elementd=6§2. 07 /i \
g 06 i i \
2 P
Case | §°-5 ! ¥ \
, . . . =04 i i
Increase the first positive side lobe at niagie of 0.7. 03 [ i \
. . . . . ) i H
For this we will use a combination of maximum aretaz 02 / i b
. . i H 1 Y
angles which are shown in Table II. 04 — VAV v i \ T
; \VAR'SLENER TSV
TABLE Il. ANGLE COMBINATION FOR INCREASING THE FIRST POSITIVE s e 0 e w ®
SIDE LOBE

Fig 5. Radiation pattern of the first linear array by e&sing the
positive side lobe.

6:=-90"r 6,=-48.59*r O5=-30"r 04=-14.47"r

O0s=14.47"r 05=22.02% 0,=48.59"r 0s=90"r

In Figure 5, we can observe the increase hef first
positive side lobe, and due to there is not a betiveen the

In Table Il,r = 77180 and the anglé, represents the two maximum angles then a continuity between thinrcde
direction in which we require to increase the dalee so that and side lobe of the first maximum is shaped; tloeeg a
the equation will be matched to a desired maximusgmitude spread of the main lobe is generated by the jdinh® highs
value. Theanglesd, and 8. will not change because they arefrom the two lobes.

required to keep the width of the main lobe, while We can observe that a null appears at tts¢ fiegative
remaining angles will be null for other directions. angle which is at -3 the second angle is at -48°58nd the
These angles are replaced in the followingagiqn system third is at 96. The first null at a positive angle is found at
as follows: 48.59 and the second angle is at’@8 it is indicated in the
. equations.

—ilkd sin 6, —j2kd sin 6, ~i3kasine, —jtkdsine, s .
S1 = we’’2 + w e’z +w,e7’2 + w,e”’? Table 11l shows the combinations of angleschlgenerate

1 . .3 . .5 . 7 . .
+w161§kdsm91 +w161§kdsm91 + a)lejfkdsmgl + wlelfkdsmgl =0 maximum and nu” Va|ueS.

7 . .5 . .3 . .1 .
SZ - wlefjikdsm 6, + wzefjikdsmgz + (1)36‘7]7]“1 sin 6, + w4efjikd5m62
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TABLE Ill. COMBINATION OF ANGLES FOR INCREASING THE SIDEOBES.

Case Il
0:=-90*r 02=-48.59*r 93=-30*r O4=-14.47*r
0 0 0 0.7
O5=14.47*r 0s=30"r 0,=38.68"r 95=90*r
0.7 0 0.7 0
Case Ill
0:=-90*r 02=-48.59*r 93=-30"r O4=-14.47*r
0 0 0 0.7
Os=14.47*r 05s=30"r 0,=48.59*r 05=61.04"r
0.7 0 0 0.7
Case [V
0:=-61.04"r G:=-48.59*r G3=-30*r O4=-14.47*r
0.7 0 0 0.7
O5=14.47*r 0s=30"r 0,=48.59*r 05=61.04"r
0.7 0 0 0.7
Case V
0:=-61.04*r G:=-48.59*r 0:=-22.02"r O4=-14.47*r
0.7 0 0.7 0.7
O5=14.47*r 05=22.027r 0,=48.59*r 05=61.04"r
0.7 0.7 0 0.7
Case

We increase the second positive side lobeh wat
magnitude of 0.7. Once the equation system has beleed
and taking into account the obtained weight in dasieen the
weights will be multiplied as follows:

T _

o' = [o]-of =0; 00 =wy;
wh -l = ws; Wl - Wil = w,;
w§ - 0f = ws; Wy W = w;
Wy WY = Wy Wy Wy = wg; ]

A Novel Method of Beamforming to Improve the Space Diversity

Case lll

We increase the third positive side lobert@mplitude of
0.7.

=-=--Linear Array
Modified Linear ||
Array

|
|
\
A |

|

+ ] a_.\/p\ /N
ERAYENIAVAVY RV AW SN
\‘V’! i 'u' \y, -\V, \'Q‘_

80
Fig 7. Radiation pattern from linear array when the third
positive side lobe is increased.

N\

40 60

-60

In Figure 7 we note an increase in amplitulethe
positive and negative side lobes, but the directibiterest
does not present the desired change of amplituéecai also
observe that there is not a main lobe.

The increase in negative side lobes are thastriated
because the results are symmetrical with respecthé&o
radiation patterns of case I, Il, Il respectivelin the
following cases we only present the most importastilts to
obtain the final radiation pattern.

Case IV

In this case we use a combination of two maximuigemat
different positions. Figure 8 shows the resultiragiation

(21) pattern.

These new weights are replaced in the limegay factor
and the result is the radiation pattern that issshim Figure 6.
Equation (21) will be applied in the same way ircteand
every of the later cases.

T T
=+=+-Linear Array
\ Modified Linear ||

Array

| e
~
g

N
I\ [\

Ry
RN\ B 017 AN
VAR I A AV N

-20 40 60 80

{
H
Bos ;
= |
|
|
|

-80 -60 -40 20

0
Theta
Fig 6. Radiation pattern from the linear array when thsitpe

second side lobe is increased.

In Figure 6 we observe an increase in the postide-lobe
level, as well as the widening of it. We also obedr an
increase of the first secondary lobe. The angufenng in
the half-power points is preserved.
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T T
=+=:-Linear Arra
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Modified Linear [|
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0.1 et
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0 Y N, s
-80 -60

\ i,

i W ‘\_ = oy
4 I .
b i

80

40 60

0
Theta
Fig 8. Radiation pattern of linear array by increasingel®b

The width of the main lobe is narrower thha briginal;
this result causes a displacement of null anglésside lobes
had a significant increment in the amplitude excéet last
two side lobes.

Case V: Comparison with Dolph-Chebyshev

Finally, we performed the comparison betwethe
resulting radiation pattern from linear array witie radiation
pattern from Dolph-Chebyshev method. The Dolph-
Chebyshev polynomial will be of order = 8 and a maximum
ratio between side lobes of 4 dB. Figure 9 shows th
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comparison among the three methods that we distuisghis

Our proposal showed a more directive maire labd the

work: Linear array, Modified linear array and Dolph side lobes have the same level of amplitude asndie lobe.

Chebyshev. It performs the change in the relatide tobes The increase of lobes can be the key to improvecépacity

for comparison. in mobile communication systems, using the freqyenetise
concept based on the diversity of space.

1

Future research aims to achieve uniform wmegeof all

/\ f\ ----- Linear Array
09 \ "\ /" / _Q\";;‘iy”ed Linear side lobes using adaptive methods.
VU e
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Fig 9. Radiation pattern from original linear array, Moelf linear

array and Dolph-Chebyshev.

In Figure 9 we can observe that the resultimgdified
radiation pattern present the highest amplitudihénfirst two [5]
secondary lobes, but this behavior is not uniforetause
Dolph-Chebyshev amplitude is the highest in thé tlae side [6]
lobes. The amplitude of side lobes from Dolph-Clsley is
uniform throughout the radiation pattern. In bo#diation [7]
patterns, Modified linear array and Dolph-Chebyshthe
angular aperture is narrow which causes the nglegnto be 8]
shifted.

VI. CONCLUSIONS 9]

The comparison between the method with irsgdaside
lobes and the Dolph-Chebyshev method showed similar
results, but the amplitude of side lobe of our s 1
presented higher level than the amplitude obtame®olph-
Chebyshev method. The latter method is considengaitant (1]
because it is one that shows the greatest amplitudsde
lobes near the main lobe.
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