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Four-Element Planar Butler Matrix Using
Half-Wavelength Open Stubs

Hitoshi HayashiMember, IEEEDonald A. Hitkg Student Member, IEEEnd Charles G. Sodinfellow, IEEE

Abstract—A simple design of a four-element planar Butler ma-
trix is presented, comprising half-wavelength open stubs to im-
prove relative-phase characteristics between output ports. Over
the frequency range from 0.85 to 0.90 GHz, the experimental ma-
trix exhibits phase errors (in the desired phase differences between
output ports) and couplings of within 2° and —6.45+ 0.25 dB, re-
spectively.
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I. INTRODUCTION /l/I - #1 —— -

ULTIPLE-BEAM antennas for mobile and satellite |// “aoondh me | wavetenin

communication systems have been studied [1], [2]. . ;{7 T T de'a@y ne #8 |
Butler matrix, which uses a combination of @Bybrids and  /{*{c™ [ —_— Branch-
fixed phase shifters, is useful for beam forming because of X | hybrid "E— | ‘e hybrid | |
simplicity and easy fabrication [3]. Uehagaal. have proposed |#5 Eighth- — Har.  #O
a four-element planar Butler matrix using a novel layout wit| et ine wavelengtn Ground
branch-line hybrids and eighth-wavelength delay lines withol s Ahy —,, open st plane
any crossing [4]. Experimental results demonstrate that me 5 5

sured average phase errors are withifi [8]. Since practical

problems associated with manufacturing would introduce un-
expected phase errors, inherent transmission-phase variati@gsy. Circuit configuration of proposed four-element planar Butler matrix.
as a function of frequency caused by the delay lines (of which
electrical lengths are in proportion to operating frequenc%)7

must be compensated in order to obtain correct operatior:]ao;f ?ng #8) \\;Vv'tr;neql:fl da;n?f“wd\? Iar;]d ;pemflnedtrilatn:]et—rﬁ) haisde
the antennas. Schiffman phase shifters [6], [7] can be use {perences. Ve Inseried hall-wavelengin open stubs on the side

achieve flat relative-phase differences between output ports, BBPOSIte the eighth-wavelength d_elgy_llnes. In this case, input
|m§oedances of the open stubs are infinite at the center frequency

these require implementing long reference lines and COUpI‘3‘r.Then, by determining characteristic impedances of the open

W'th. precise even and odd-mode characteristic |mpedancessﬁgbs so that transmission-phase variations of the delay lines and
a thick microstrip substrate.

the open stubs are almost the same near the center fregfigncy

This Iettgr Proposes a S|m.ple design of four-e.ler.nent pIarWriS possible to obtain flat relative-phase differences between
Butler matrix to improve relative-phase characteristics betweS[]tput ports

output ports and presents the experimental results of the fabrlThe necessary characteristicimpedances of the open stubs are

Beam selection

cated Butler matrix. determined as follows. Assuming that the characteristic imped-
ances of input, output, and the delay line are the sgfpg and
Il. DESIGN APPROACH ANDFABRICATION the length of the delay line i8, the derivative of the phase of

Fig. 1 shows the circuit configuration of the proposed fouthe delay line transmission coefficienthase(Sa), at a center
element planar Butler matrix. A signal incident at input po@ngular frequencyy, is expressed as follows.
(#1, #2, #3, or #4) is divided into four output ports (#5, #6,
9P (w)
dw

0 phase(Sy)

=—d
dw

wo

@)
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Fig. 2. Photograph of the fabricated Butler matrix. @)
S E’Sassgaerror(#e-#s) o sga§§3error(#7—#5) + E’Sass%error(#s-#S)
. a
open stubphase(S,), at an angular frequeney nearwy, is ode§3833 x 9B(S63) = 9B(ST9)
expressed by 4 r ' T r ——y 3
2 F x*****x*xx 4 -3.
hase(S,) = arct { %0 o f(w) d -Gy
pnase(S,) = arctan 4 — an p(w) di _ k¥ «— T
27, 3 2§ {45
o
Zo R 15
o~ _ﬁ tanﬁ(w) dy. (2) g 6 b 1 55 %
) . ! % _S‘V.-AAAAAAAAAAAAAAAAAAQ QQ Q s} AAAAAAAAAAAAAAAAA- -6 ®
Thus, the derivative gffase(S,) at a center angular frequency & -10 {ss3gaessaaRaRRRs 2406 ﬁaeﬂaﬁﬁﬁﬁﬁéﬁﬁQQEEESESE§§§§3:§S”“ 6.5
X:
w is expressed as follows. 2 g “oeod] 7
14 F 4-75
A phase(S,) Zo , 9f(w) -16 . . . ] . -8
T = _ﬁ d A (3) 0.820 0.840 0.860 0.880 0.900 0.920 0.940
wo 1 wg Frequency [GHz]
The condition of the same transmission-phase variations of the ()
delay line and the open stub at the center frequgpéythat (1)
and (3) become equal, i.e., the following equation holds true: [+ dB(S11) x dB(S33) © dB(S55) o dB(S66) x dB(S77) o dB(SB8) |
0 T T T T T T T T T
7y =22. 4) st ;
This value is twice as large as in the case of using quarter-wave -1¢ | ﬁﬁ-
length short stubs [8], which must use via-holes to a ground __ -15 }"**suuy,, - ettt
. . . . ) L™ *K’(XAAA
plane and is not preferable for a thick microstrip substrate. This= 20 | ‘*a% ga¥has® s
. . & L o X
is because the phase rotation effect of half-wavelength oper® s E%RQQ §§§;;%ﬁﬁgﬁ;gg‘,gg;ﬁﬁEéééégggggggévtﬁa-
. . - o (-]
stubs is twice as large as with quarter-wavelength short stubs. 4, | "o %89, DnuggﬁxREg;eeggoooomoooooooo°° i
We designed a UHF-band four-element planar Butler ma- .| % szgassﬁaééooooo° |
trix and manufactured it on double-sided copper-clad high-fre- o Nl , , . R
guency substrate, with a thickness of 1.52 mm. Typical dielec-  os20 0840 0860 0880 0800 0920 0940
tric constant and loss tangent of the substrate at 0.90 GHz ar. Frequency [GHZ]
3.05 and 0.003, respectively. Fig. 2 shows a photograph of the (©

fabricated Butler matrix. The size is 20.8 cm28.4 cm. The Fig. 3. Measured frequency performance of the fabricated Butler matrix

number of bends in the microstrip lines is the same in all path\?h_e Caﬁe Ofd%eneratingb beam A and C. (a) lzhase ?rrzrs ir:c the desired
; ; :ee Lelative-phase differences between output ports and magnitudes of transmission
in order to reduce the effects of amplitude and phase dlﬁéﬁ)eﬁicients,sij, in the case of generating beam A; (b) phase errors in the

ences between paths at the bends. We measured frequencydeeired relative-phase differences between output ports and magnitudes of
formance of the fabricated Butler matrix in the cases of geﬁansmission coefficients; ;, in the case of generating beam C; (c) magnitudes

. of reflection coefficientsS;;.
erating beams A through D. For example, measured results in
the case of generating beam A and C are shown in Fig. 3. The
device works well and has good performance in the casessoired phase errors are withif dver the frequency range from
generating beams A through D: the phase errors are within 2.85 to 0.90 GHz, which corresponds to twice as large as that
the power splits are-6.45+ 0.25 dB, and the return lossesusing half-wavelength open stubs. If the operating frequency
are greater than 17 dB over the frequency range from 0.85range is wider, the difference of phase errors is much bigger
0.90 GHz. For comparison, we fabricated a four-element plarfzgcause the electrical lengths of delay lines are proportional to

Butler matrix without using half-wavelength open stubs. Medhe operating frequency.
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