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Low-Profile Frequency-Scanned Antenna Based
on Substrate Integrated Waveguide

Xue-Xia Yang, Member, IEEEYingjie Yu, Dugi Di, Steven Gao, Senior Member, IEEE

frequency varying from 8.9 to 10BHz and a maximum gain
Abstract—A beam scanning flat antenna array with the of 15.5 dBi [6] The tapered composite right/left-handed unit
frequency that covers about the whole X/Ku-band is proposed in cell sections exterd the scanning angle of a leaky-wave
this paper. The radiation element is the continuous transverse stub gntenna toz2°~+75° over a frequency range of 8.0-13.0 GHz
(CTS) constituted by the substrate integrated waveguide (SIW). [7]. However, the broadside gain of this F&as only 9.0 dBi
The CTS array is fed by a linear source which is a SIW parabolic ith an antenna size of 8.4%0.7h0. A simple printed 6-element
reflector, and good impedance matching characteristics within a E-shaped leaky-wave array could scan the beam BOM15°

broad bandwidth are obtained. The beam steering direction is . . . L
tunable with the frequency increasing within the operation band. With the frequency increasing within 0.93-3.65 GHz range but

The design principles of the SIW based CTS array and the feed the gainwas qnly 80 dBi [8]. ' '
structure are explained in details. Onel6-element array is CTS (Continuous Transverse Stub) arrays were invented in

simulated, designed and fabricated. The measurement results early 1990s [9]The CTSs, periodically arraying on the plane
show a scanning angle range from 5220 -16.8° with the 3-dB  waveguide, are fed by a linear source and act as the radiation
gain decreasing within the operation band from 8.5GHz 10 glements with leaky-wave radiatiofhe CTS array operates on

14.1GHz. At the center frequency of 12 GHz it achieves a . - :
maximum gain of 18.1 dBi with an array size of 117%.0x1.28ko, the the quasi-TEM (i.e. TH) mode of the parallel plate waveguide

first sidelobe level is 11.4 dB and the 3dB beamwidthis 6.5°. so it has the good features of broadband, high gain, compact
size, and light weight. It also could be designed to operate at
Index Terms—Frequency-scanned antennas (FSA), continuous Multi-band and beam steeririthe coplanar waveguide (CPW)
transverse stub (CTS), substrate integrated waveguide (SIW), flat and the coaxial line were also suggested to be used as the CTS
array for the same operation mode of TEMY12]. The feasibility of
CPW-CTS as an antenmas verified by one-element iri{].
. INTRODUCTION The dual-band (4.2 and 19.4 GHz) and triple-band (5.18, 6.536
Beam scanning antennas are required in many civilian arahd 7.51 GHz) operations of the coaxial line CTS arrays were
military applications [1-2]. Frequency-scanned antennasvestigated in [11] and [12] with 6-element and 2-element
(FSA) have multi-beam steering performance with tharrays, respectively.
frequency varying and do not require any mechanical Recently, several CTS beam steering arrays have been
movement or electrical adjustment. The frequency-scannptbposed. The 3-element leaky-wave CPW-CTS array obtained
reflection grating antenna fed by a linear source achieved 11tBe scan-angle range from 58° to 124° by changing 6
scanning angle with a bandwidth of 11.1% from 8.5 GHz to 9rBetamaterial-based phase shiffdi3]. Ettorre et al designed
GHz [3]. The FSA based on the reflector antenna can achiewv&a-band CTS array witla wide scanning range of x4y
high gain but it has a bulky size and high cost due to tmeoving a horn within the focal plane of the pillbox feeding
separated arrangement of the radiator and the feed. system, whichwas fabricated by the metal procddsl]. By
The printed FSA was first investigated1979shortly after using the substrate integrated waveguide (SIW) technology,
the invention of microstrip antennas [#However, the antenna Ref. [1§ suggesteda mechanical beam scanning array with
gain was low due to the microstrip line loss. A wideband offsgimplified feed structure to lower the profike millimeter wave
slot-coupled patch antenna array covering most X/Ku-bamEA had a scanning rangs -43°~3° with the frequency
from 8.75 to 12.25 GHz was suggested to apply in multimod@rying within27-36 GHz range and the highest gain W69
radars [5]. The 4x4 array had a beam tilting at 20° by movingBi with an aperture size of 13.5x2.1,[16]. A surface wave
the coupling slot within the bandwidth with the maximum gaiRntenna with a broadband operation from 6.1 to 18 GHz was
of 20.6 dBi being achieved?ecently_, the printed FSAv_as designed by a parabolic reflector feed strucfurd.
developed by using the met_amaterlz_alls [6-7]. By loading the |, " ihis paper, a novel frequency-scanned CTS array is
slow-wave printed meander linene prmtedol(&eleomept aray  nroposed b improving the broadband feed structure proposed
achieveda beam scanning rangef -27.5°-+46° with the in [17] into SIW one. The CTS array and the parabolic reflector
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are all constituted by the printed SIW. The beam steering The lengths of the 16 radiation CTSs and the 16 impedance
function is realized by the different phase of the varyingratch stubs are all the width of the antenna array W 16-
frequency so no phase shifter is required. GRelement SIW-  element radiation CTSs are in the top and middle substrate
CTS array is simulated, designed and fabricated. The measured  layers with the width of SThe height of the CTS is {hhy),
maximum gain is 18.1 dBi and the array size11.7Ax1.28. which is the total of the thickness of substrates layers 1 and 2.
The first sidelobe levek -11.4 dBi. This SIW-CTS based flat The impedance match stub beside every CTS is in the middle
FSA has advantages such as simple structure, compact sixdastrate layer, so the height of the match stub, is/tich is

light weight and low costthus it is potentially useful for the thickness of substrate layer 2. The width of the match stub
wireless communications and military applications is S. The distance 1between the radiation stubs of CTS should

meet the following condition,

II. SIW-CTSARRAY CONFIGURATION AND DESIGN L < A (1)
1+[sin 6|
Metallic CTS radiation elemenpgraholic reflector where Omnax is the maximum scanning angle, aadis the

post Match stub Port 2 minimum waveguide wavelength in the free space within the

L operation band. So the beam steering range has relationship
with the operation wavelength, the permeability of the substrate
and the array space.

Port 1

e = |
y Ws V*a /d3 CTS radiation element Via/dz
Coa)éial oL» via /d Via /d Via/dy Match stub
robe X ia b
i Jed s 0%t —a
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Fig. 2 Configuration of the feed structure.

Match Stub  Via

Coaxial feed

The feed structure is in the bottom substrate layer and the

: l\fla“h b detailed geometrical structuiie plotted in Fig. 2. The feed

CTS Stub

Top sub | Metal plane 1 structure includes a coakigprobe, a metallic post, and
Mid sub 2 h» — Metal planc 2 . . " .
i —Metal plane 3 coaxialto-parallel plate waveguide transition realized by a SIW
Bottom sub 3 hs Metal olanc 4 parabolic reflectar The coaxial probe has a characteristic
i) etal plane

impedance 060 Q and is located at the focus of the parabolic
(b) plane with the focal distance of. fig. 2 (b) illustrates the
Fig.1 Configuration of the CTS array antenna. ¢@)\iew, (b) side view. geometrical sizes of the probe and the metallic post. From the
bottom metal plane, the coaxial probe protruabesight of h,
Onel6-element SIW-CTS based FSA array is designed afghich is a little less than the bottom substrate thickness. of h
investigated to show the deSign principle. The Configuration qfhe metallic post has a he|ght of, which is less than the
the proposed SIW-CTS based FSA is shown in Fig. 1. It épaxial probe heightshand is located at a space of d from the
stacked by three substrate layers. The antenna array consistsrghe.
16-element radiation CTSs, 16 impedance matching stubs, angborts 1 and 2 are set on both sides of the SIW-CTS array as
the feed structure of a parabolic reflector fed by a coaxial prokgown in Fig. 1(a). When the signal is excited at port 1, port 2
They are all constituted by the SIW with different sizes of Vlé terminated to a match loadf 50 Q to absorb the
and space, which are determined by the dielectric substrate aggidual wave. The SIW parabolic reflector is formed by a
the performance requirefl8]. The vias for the CTSs cut series of vias which constitute a parabolic plane with the height
through the top and the middle substrate layers while those f¥substrate thickness.WWhen the cylindrical electromagnetic
the matCh Stub are in the m|dd|e one. The ViaS W|th the SarQ]l_ﬂ\A) wave is excited in the bottom substrate |aye|r by the
diameter and space as the parabolic reflector surround #axial probe, the forward wave will be suppressed by the
whole antenna array, which are in the bottom substrate. Afetallic post, and the backward waves will be reflected by the
shown in Figure 1, the diameters and spaces of the periodiggtabolic reflecting wall. The metallic post also serves as a
vias of the CTS radiation stub, the impedance matching styRatching element to broaden the bandwidth. The EM wave
and the surrounding are denoted aartl w, d> and w, dsand  reflected by the SIW reflector propagates as the plate
ws, respectively. The whole size of the arragténoted as LxW. waveguide mode of quasi-TEM in the substrate and will be



radiated by the CTS progressively as leaky-wavdhe

remaining EM wave will be absorbed by the match impedanceSetting a line source of plane wave at the distancg 6f

at port 2. from the first CTS, the simulated reflection coefficient of the
The whole CTS array is surrounded by the same periodicallrgre@ment CTS array is plotted in Fig. 3 by the dot-liés |

conductive vias as the SIW parabolic reflector to limit the ENMNown that|Sy| at the center frequency of 12 GHz is high,

wave within the substrates. The performance and parametfiBich could be explained by the operation principle of the CTS

analysis of the SIW-CTS based FSA will be investigated in ti¥ray. Fig. 4 illustrates the first two CT.SShere is
following section by computer simulations using th@llscontlnuous characteristic at every radiation stub. Thus, the

commercial tool Ansoft HFSS [19]. reflected wave will occurred except for the radiation and the
transmission waves when the input EM wave pagisrough

the first CTS. It is the same with the second and the other.CTSs

The distance between the two radiating stubs is one guided
The 16-element SIW-CTS antenna array could steer beagavelength i) at 12 GHz so the reflected wave to the previous

with the frequency ranging fromt814 GHz. Theoretically, the stub is in-phase superposition and the impedance match is

CTS could radiate the EM wave with any wavelength becaudeteriorated.

of the operation mode of quasi-TEM in the parallel plate

waveguide. The CTS array is fed by the linear source which is

a SIW parabolic reflectorand this leads to good impedance | x I | T | ceeeen

I1l. PERFORMANCEANALYSIS AND SIMULATIONS

Prad1 Pradz2

matching characteristic within a broad frequency range. Thus,

a broadband performance of the SIW-CTS antenna array wouJFP“t B
. . . . ort in Pref1 Pty Pref2 P2

bederived from the quasi-TEM operation mode in the CTS an T = T

the parabolic reflector feed structure. The frequency-scanned ‘ Ay !

performance is realized by the different phase congtairg.  Fig. 4 CTS radiation stub operation principle.

2m/Ag, at the different frequencyy is the waveguide wavelength

in the substrate. The performance analysis will be illustrated byl © decrease the reflected EM wave at every CTS and improve
the simulation results of HFSS software. the impedance match characteristic, a mini-stub is loaded with

a space of L beside every radiation stub. The simulated| |S
with the match stubs is drawn as the solid line in Fig. 3. It can
A CTS Array and Impedance Matching Stub be found that the reflection coefficient at the center frequency
The CTS operates on quasi-TEM mode of the parallel pla@€crease apparently and the impedance matching performance
waveguide whose cutoff wave length is infinite. Although anig improved. |§] less than -10 dB covers a broad band from 7
EM wave with various frequency could propagate in the CT® 16.5GHz with a fractional bandwidthfa3%.
the, there are high order mode, which would interfereEtie
field of the main mode of quasi-TEl\]ro. prohibit the first high B. Feed Structure Design
order mode of TETM,, the waveguide wavelength in the

substrate at the upper frequency should be higher than twd © €Xcite the quasi-TEM mode in every continuous
times of the height of the bottom substratewhich is also the transverse stub by a linear source, a parabolic reflector fed by a

CTS width [20]. In this case of 8-14 GHz band and 2.6%0axial line with a metal post is adopted. The parabolic reflector
permittivity, s is less than 6.6 mnThe size choice ofshould IS realized by the metal vias and exhibits broadband
also consider the energy radiated by every stub when the sagformance, which is designed by the operation frequency and
height, which is the substrate depth of+®), cannot be the substrate characteristics. The coaxial feedline is located at
changed. The planar quasi-TEM wave would be radiatéde focus of the parabolic reflector. The post beside the coaxial
progressively by the CTSs as the leaky wave from the excitifgedline not only blocks the electromagnetic wave to the
port, port 1. reflectorto excite the ideal plane wave, but also improves the
impedance characteristic further

0 -

\ %|—wiﬂ| match stub
-5 |:--e- without match stub | : : : :
\ ¢ 0 | =—with post :
10 ‘\n " /' {° - - without pos
g N\ ; s Caaty 1 i y
= . ; p : :
= 20 V\‘f-ﬁn W\, z M \fyV.' / :
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Fig. 3 Simulated reflection coefficient of SIW-CTSarmw/o match stub.



Fig. 5 Simulated reflection coefficient of the SIWFE array fed by the Fig.8 Simulated gain patterns at 12 GHz w/o the surrimgndas.

parabolic reflector w/o the post. Fig. 8 compares the gain patterns at 12 GHz with and without
The reflection coefficient is deeply affected by the locatiothe surrounding vias. It can be seen that the gain decreases

and size of the metallic post. The self-impedance of the metallic7dBi and the broadside direction shifts 2.5°. The main reason

post and the mutual impedance between the probe and the pébat the escaped EM wave from the two ends of every CTS

can be adjusted by varying the length, diameter, and locationindluces the back radiation at 180° and the side radiation at +/-

the post. To illustrate the effectiveness of the rtietpbst, the 90°.

reflection coefficient curves of the SIW-CTS array versus the

frequency vio the post are plotted in Fig. 5. It could be seen that . -

|Su| decreases apparently within the broad operation band with B&&m Scanning Characteristics

the metallic postThe relative bandwidth of |S11| less -10 dB is The SIW-CTS based FSA structure and the sizes are finally

69% (8.1-16.&Hz), which is a little narroer than that without determined. The relative dielectric constant of the substrate is

the parabolic reflector feed structure. 2.65. The thickness of the three substrates and all of the final

geometrical sizes are listed in TABLE |. The distange L

between every radiation CTS is 16.15 mm, which isJgnat

the center frequency of 12 GHz to remain in-phase at every CTS.

L, is also 0.648,, which is essential to avoid the sidelobe level

in free space.

Fig. 6 Electrical field distribution in the bottom substréger at 12 GHz.

TABLE |

Fig 6 draws the electrical field strength distribution of the GEOMETRICAL SIZES OFTHE SIW-CTSARRAY (UNIT: MM)

feed structure in the bottom substrate layknere are two L W h  hy, hs L, L s f,
maximum strength values within one waveguide lengtihe 2025 32 25 05 3 1615 7 3 1 65
electrical field strength at every radiating stub is maximum and
in-phase. Thee simulated results show that the parabolic
reflecting wall realized by the metal plane in [17] is effective
by using SIW structure at X/Ku band.

h5 d Wi W» W3 dl dz d3 /
19 23 145 0.5 2.5 1.0 02 1.0 /

sn
---- 12GHz AL

C. Effectiveness of the Surrounding Vias 154
Thevias surrounding the two sides of radiation CTSs and the

=

impedance matching stubs are designed to limit the EM wave _ °1 0|
within the CTS length range so that the EM wave is radiated £ :

effectively above the CTS. The electrical field strength E_m-',
distribution in the bottom substrate layer without the & ] 5

-
(4]
I

surrounding vias is drawn in Fig. 7, which shows a little EM
wave escape from the two side. The simulation results show that
the radiation efficiencies with and without the surrounding vias

are 93.2% and 92%, respectively -180-150 120 90 -60 30 O 30 60 90 120 150 180
The simulated beam steering characteristics versus the

Angle (degree)
s
) MY
frequency are plotted in Fig. 9. The gain at the center frequency

Fig. 7 Electrical field distribution in the bottom substrétger without the of 12 GHz on the broadside of 0° is 19.5 dBi. The maximum
surrounding vias at 12 GHz. directions a® and 14 GHz are on the angles of 39.2° and2?15

Fig.9 Simulated gain patterns of beam scanning.

———

200 L S with the corresponding gains being 16.8 dBi and 19.2 dBi,
T3 N S - T \itn SIV on both sides respectively. Although the gain at the upper frequency of 15
0] . 1 [ R GHz is 17.6 dBi at the scanning angle of -21.1°, the pattern
5] G il 1 [ T A splits because the condition of formula (1) is not satis#ed

A B the low frequency of 8 GHz, the gain decreases sharply to 12.6

04 R el MEe. [ SN,

Gain (dBi)

....

it
'
]

dBi at the scanning angle of 71.1° and the pattern deteriorates.
The 3-dB gain bandwidth is from 9 to 14 GHz with a fractional
bandwidth of 43%, which is narr@nthan that 6|S;4] less than

-10 dB of 69%.
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IV. MEASUREMENTS ANDDISCUSSION 3.0 mm, 0.5 mm and 2rim by the manufacture company. The
To verify the results of computer simulations, dBeslement dash-dot line in Figl1 shows the reflection coefficient with the

SIW-CTS based FSA array coveridgKu bandis fabricated measured substrate thicknesses. It could be seen that the curve
and measured. Fig0 shows the top and bottom of the, 1ke trends toward the measured one, which verifies that the plate
2nd and the '$sibstrate layers. The complete FSA is obtaine@veguide height 1and the radiation stub heightitiy)

by fixing the three substrate layers together using the plasiiduence the impedance match apparently.

screws around the four edges of the array antenna. Thd © investigate the influence of the dielectric constant value
reflection coefficients are measured by the 8722ES Agilefftleéranceof the substrate on the operation frequency,|$g

Vector Network Analyzer and the patterns and gains aM&rsus frequency at differentvalues of 2.55, 2.65, and 2.75
measured in the chamber. are compared in Fig. 12. It could be found that operation

frequency shift to a lower band with the increasing @dfut the
influence is not obviously. The manufacture process migbt als
produce the error.

= - Sim.(s=2.55)
0 , Sim.(s,=2.65) [
| ‘,\- = — Sim.(5,-2.75) ‘ i i /
A\ . " H i | 1
—~ -10 : g
[ : ‘M,
z .
B 20 Hoon s ,
¥ g
H
L]
=30 -
T
40 H : ‘ L ,
7 8 9 10 11 12 13 14 15 16 17
Frequence(GHz)
(d) Fig. 12 Simulated reflection coefficient versus freaquewith different &;.
204
15 ; : :
e —12GHz o
Fig.10 Photos of the fabricated SIW-CTS based FSA ateyop and bottom 10 c---13GHz |
of the 1st substrate, (b) top of tH¥ Qubstrate(c) bottom of the 2nd — 14.1GHz
substrate, (d) top of the3rd substrate, (e) bottorheoBtd substrate a 5
So
0- 2
—Sim. % 2
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Fig.13 Measured gain patterns of beam steering.

i Fig. 13 plots the measured beam steering patterns depending
. 12 G}‘i 4 1516 1 ondifferent frequencies.femeasured scanning angle$rom
Fig. 11 Simulated and measuredr::;;:ctieo(n co)efﬁcient versugiénecy. -16.8° to 52.2° with the frequency decreasing from 14.1 GHz
8.5 GHz. The measured and simulated scanning angle and the

The dotline in Fig. 11 plots the measured reflection9ain versus the frequency are illustrated in Fig. 14. The trends
coefficients versus frequency with the simulated one bei®j the measured scanning angle agree well with that of the
drawn in the solid line for comparison. The measured relatigémulated one. The measured gain decreases from 0.4 dBi to
bandwidth of || less -10 dB is 44.5% from 7.64 to 12.02 GHz1-68 dBi between 8.5 and 14.1 GHz except for 2.96 dBi at 13
The |S4| performance deteriorates at the upper bandwidth frofpHz. The decrease of the measured gain mainly comes from

12.02 GHz and the operation band shifts to the low frequendj€asurement error and the deterioration of the impedance

The error mainly comes from the parameters of the dielectfeatch. o

and h of the three substrates are measured to be 3.24 mm, g3gfmarized in TABLE Il. At the broadside of 0°, the gain
mm, and 2.59nm respective|y’ instead of the given values 0'?.8.1dB|, the sidelobe leves '114dB, and the 3dB beam width

40

7 8 9



is 6.5°. The fronto-back ratiosare higker than about 32 dB no phase shifter and mechanical adjusting are required. TABLE
within the steering range. With the frequency decreasing, tHé summaries the performance comparison of the published flat
3dB beam width increase from 5.3° to 12.9° and the galRSA arrays. The FSA array in [5] has a little high gain but the
decreases from 18.1 dBi to 15.1 dBi.
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Fig. 14 Measured and the simulated scanning angtetié frequency.

TABLE Il

MEASURED CHARACTERISTICS OH6-ELEMENT SIW-CTSARRAY

Frequency Scanning

Gain 15side lobe F/B 3dB

(GHz) Angle(®)  (dBi) (dB) (dB) BW(°)
8.5 52.2 15.1 -11.7 32.1 12.9
9 39.6 15.9 -11.5 34.8 10.0
9.5 30.8 17.0 -13.1 33.1 8.6
10 23.3 17.0 -12.4 51.3 7.6
10.5 14.8 17.0 -11.7 34.6 6.7
11 7.2 17.1 -13.7 44.3 6.4
11.5 3.6 17.6 -11.0 40.0 6.1
12 0 18.1 -11.4 31.7 6.5
13 -8.4 15.8 -12.5 35.0 5.6
141 -16.8 18.1 -8.9 32.8 5.3
TABLE Il
PERFORMANCE COMPARISON OFLAT FSAS
Freq. Scanning  Peak Si
Ref. range Angle Gain Llis;x@':)
(GHz)  range(®)  (dBi) ( )
[4] 9.6-10.2 -25~25 8.1 1*19 array
[5] 8.75- -10~10  1620.6  4.29x4.29x0.18
12.25 ' ' ' '
[6] 89-106 . _ . 13155 8.7x1.5%0.04
[7] 8-13 72475 OF 6.0x0.7x0.032
12.6 ' ' '
[8] 0.93-3.65 -30~15 6.080 0.059x0.047x0.004
11.6-
[16] 27-36 -43~3 6 13.5x2.1x0.22
17.8
This - 15.1-
85-14.1 11.7x1.28%0.24
work 16.8~52.2  18.1 *

Aois the wavelength at the center frequency.

scanning angle range is only 20Phe array in [7] has the most
scanning range of 147° and a relative small size but the gain is
very low. The antenna array size[8] is very small while the
maximum gain of 6-element array is only 8.0 dBie proposed
SIW-CTS base FSA has a higher gain and a broad scanning
range considering the array apertures.

V. CONCLUSION

A FSA based on SIW-CTS covering X/Ku band is presented
One parabolic reflector realized by SIW is designed and
employed as the broadband linear source. The beam steers from
52.2° to -16.8° with the frequency increasing from 8.5 td 14.
GHz, which is the 3-dB gain bandwidth. This FSA has high
frond-to-back ratio over 32 dB and low first sidelobe of about -
11 dB. The gain could be improved by increasing the length of
the CTS stubs and the element numbBéis SIW-based FSA
could also be realized by metal processing so it is suitable for
the millimeter-wave application¥he FSA has.compact size,
light weight,a simple structure and low cgshus it could be
potentially useful for both civilian and military applications (e.g.
Satcom on the move system).
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