Journal of Communication Engineering, Vol. 9, No. 2, July-December 2020 258

ORIGINAL RESEARCH PAPER
Pages:258-270

Planar Multibeam Array Antenna with
Rotman Lens Beamformer férGHz Band
Wireless Applications

Farid Shokouhi and Zaker Hossein Firouzeh
Department of Electrical and Computer Engineeringatign University of Technology,
Isfahan 8415683111, Iran
farid.shokouhi84@gmail.com, zhfirouzeh@cc.iut.ac.ir
corresponding authoehfirouzeh@cc.iut.ac.ir

DOI: 10.22070/jce.2021.14278.1184

Abstract- A planar multi-beam array with a co-planar Rotman lens
beamformer is introduced for wireless applications. The array consists
of 8 linear series-fed subarrays with proximity-coupled patch elements.
The Rotman lens feeds the subarrays through coupling slots. To reduce
beam squinting, the subarrays are fed from the center. The coupling slot
feeds each arm of a subarray 180° out of phase. To compensate out-of
phase feeding, two feeding arms of each subarray are designed in the
opposite direction. Also, cross-polar radiation is reduced significantly.
In order to reduce the size of radiating patches to fit within array cell
size, they are formed by four sub-patches with indentions and are fed by
microstrip line from feed layer with two matching sections to improve
the bandwidth. Measured results of the array structure in terms of the
S-parameter of beam ports and radiation patterns are presented.

Index Terms- beamforming network, microstrip antenna, planar array, rotman leiss se
feds.

I. INTRODUCTION

Modern wireless communication relies on high gain directional antenna and beamforming networks.
With the growing demand fohigh-capacitypoint-to-point and point to multipoint communication
links, andthe development of 5@etworks, multbeam antennas have attracted lots of attention [1].
Beamformers are essentidr any multitbeam antenna system fdine electronic generation of
multiple beams from the same aperture. In phased array systaneina beam steering is
implenmented byuse ofphase shifters and attenuators in 1D and 2D arfidys.costof such arrays

could be very high because thie high number of discrete RF componengededo implementfor

beam steeringand the fabrication process is also a challengingkt&sq the application is mainly

limited to radar and satellite communications. On the other side, when several simultaneous multiple
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beams are needed, passive beamforming networks like Butler matrix and Rotman lens are low cost
and easy to fabricate caddies for beamformer design of antenna systems [2]. Such passive
beamformers are good candidates for tracking and radar applications as switched beam antennas, as
well as multiple simultaneous beam communication networks [3, 4]. The passive beamforngrs can
generally divided ito two categories; circuibased beamformers like Butler and Blass matrix and
lensbased beamformers like Rotman and Ruze lenkesstype beamformers have advantages of
wider bandwidth and simple implementation rather than d¢imased beamformers [3]. Planar
microstrip antennas have been used for different communication and radar applications due to their
low cost, lightweight and compact size [4, 5]. Different architectures are proposecdthtor
implementation of microstrip agmna arrays [6]. Sincthe fabrication process of microstrip planar
antenna arrays is the same as planar beamforming networks, the planar arrays are appnageiate
with planar beamforming networks. So, the antenna array and beamfoemebe effectively
integrated ito the same board. As a result, this reduces implementation cost and also saves required
space for the antenna system. Furthermore, it improves the system performance bethese of
elimination of intermediate connectionadacircuits. The Rotman lens generally consists of three
sections. Beam ports that are input ports of the beamformer are related to different beain angles
array ports and connecting lines that connect lens surface to the antenna elements. The lens section
provides proper collimation of RF power to each beam port to dine@ntenna beam titne desired
angle. The lens section cowdtso bemerged with dummy ports to eliminate spillover of RF power.
Rotman lens is used for linear 1D scannind 2D scanningarrays [79]. 2D scanning with Rotman
lens needs 3D lens design [10] or stacking up 2D lenses [7]. For linear scanning applitations,
beam arrays that beam widtase only considered in one dimension are designed [Uiijti-layer
design configurationare presented in [124] for millimeter-wave radar design. In [12], a muldiyer
structure is introduced with Rotman lens for beamforming and substrate integrated waveguide slotted
array for Xband application. In [13]the Rotman lens is used to feeddar seriesed array and
integrate with TX/RX modules. In both designs, power is delivered to radiating array via aperture
coupling and phase matching is done by introducing offsets in coupling slot positions. IthE@],
band Rotman lens array is dgsed by slot coupling and circularly polarized elements. For all three
preceding designs, the array is fed from one side of the antenna array. This feed mechanism saves
more space fom large Rotman lens howevyat limits the bandwidth due to beam squuoft array
pattern. Offsetting the slots in [12, 18mplifies the design athe Rotman transmission line section
and improves insertion loss of the lens.
In this paper, a new centfd design for high gain and leprofile planar multbeam antenna
basedon Rotman lens beamformer and sefeab planar microstrip array is introduced for -Wii

applications.To have 1D beam scanning capability, a sefeesling technique is used. A new
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Fig. 1 a) Antenna structure with multipllayers. b)coupling between rotman lens layer and array feed layad@ting
patch structure. Parameters of the patch antenna are Lpatch=7mm, gap=0.75mm, Wind=4mm, Lind=1mm,
Wmatch1=3.2mm, Lmatch1=9.36mm, Wmatch2=9.28mm, Lmatch2=9.28mm, Wf=1mm, h=hmdn26mm.

approach for coupling between Rotman lens and microstrip array is presented based on vertical
coupling.The structuref the planar coupling between the Rotman lens and the microstrip array with
series feeding provides a compact and wideband feeding antenna array resulting in low profile
integration of beamforming and radiating array. The compact series feeding also reduces dissipation
loss and improves overall efficiency. Proximigupled microsip patch antenna elements are also
miniaturized to fit in the array unit cell area. The whole structure was built using FR4 epoxy laminate
to reducethe overall cost of implementatioand spacing was placed between layers to compensate
for thehighlosses of FR4 laminate.

The remainder of the paper is as follows; the array antenna configuration is presented in section 2.
This sectionpresentsthe array element structure and array feed design in Sections 3 and 4,
respectively. Rotman beamforming netwas designed in Section 5. Simulation results are discussed
in Section 6. Finally, the fabrication and measurement results are reported in Section 7. Concluding

remarks are explained in the lastction
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Fig. 2 S-parameters ofadiating patch with various indention sizes #mehumber of sukpatches.

II. ARRAY ANTENNA CONFIGURATION

Fig. 1-a shows the structure dhe array antenna based tre Rotman beamforming network. The

array is implemented using folow-cost FR4 epoxyayers with0.25mmthickness anavi t h
and

Ur =4. 4
=0.@2n9pacing is added between the layers to compeiosdtmh dielectric losses of FR4

dielectric material. The array consists of 8 lines of 10x1 s&kproximity coupling patch antennas

fed from the Rotman lens array ports on the other side afotimenon ground plane through wideband
slot-coupled transitions. The Rotman lens is connected to the array via 8x1 linear array form.
Although feedingon thecenter of the seriefed line extends array size from one side of the array, it
prevents the beangsint due to frequency changes [15,,18}d as a resylit widensthe bandwidth

of the feed network. Feediran the array center also causes the Rotman beam ports to lower array
sides which is suitable for integration with RF circuitry. Each sdeésline consists of two
subarrays. Each arm of the subarray consists of 1x5 proximity coupled patch antenna with 20dB
Taylor taper distribution. Junctions in the traveling wave linear array configuration are designed
with quarterwave transformers along tfieedline to achieve the desired taper.

. ARRAY ELEMENT DESIGN

The proximitycoupled microstrip patch antenna is used as radiating element of the array. The
antenna structure is shown kig. 1-b. Sincethe limitations of the array unit cell resulting from
frequency and scanning parameters, antenna patch size should be small enough to fit in the unit cell
area and also not covéne array feedine section to avoid grating lobe. To redube resonance
frequency of the patch antenna, it is divided into fourgatiches with close spacirgs shown irFig.

1-b. This technique is widely known and used in fractal antenna design for miniaturization and
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Fig. 3. E-field distribution of patch for different frequencies

bandwidth enhancement of antennas [17]. To funtbducing of working frequency four indentions
and central holes are also added tosatzhes.

The additionof subpatches with indentions makes current lines longer around the paftiees.
antennafeed line consists of two matching seciamver the groud plane. Feeding structure and
radiating patches are etched on FR4 substrate auitickness of 0.25nm and 0.75 mm spacing
between ground, feed netwodnd the radiating layers. The spacing between layers reduces dielectric
loss to improve antenna efiemcy. Geometry parameters of the patch antenna are tuned to radiate at
5.5GHz center frequency with maximum bandwidth. Parameters of the patch antenna are=Lpatch
7mm, gap= 0.75 mm, Wind= 4 mm, Lind = 1 mm, Wmatchl= 3.2 mm, Lmatchl= 9.36 mm,
Wmatch2= 9.28 mm, Lmatch2= 9.28mm, Wf=1mm, h =1mm, dh =0.25mm. S11 of the antenna
element for a single patch and four tightly spacedmaibhes is shown iRig. 2 with feed parameters.
Note that the overall patch dimension is the saméhiwo configurations. As it can be seesing
a subpatch desigrreducesthe resonance frequency of the antefromn 8.5 GHz to 5.5 GHzAn
increasethe length of indentation further reduces resonance frequency. F@atalb design, 540
MHz bandwidth for 10dB return loss (RL) is achieved averfrequency range of 5.34GHz to 5.88
GHz. EField distribution for thre different frequencies is also shown Fig. 3. As it can be
observedfield lines are denser around spaitch indents. Indention elongates field limesding to
lower working frequency. On the other sideFi€ld for 5.3GHz is stronger around horizontal indents
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Fig. 4 a) Structure of vertical transition. ®imulated results ofgparameter and phase of vertical transition. Parameters
(in mm) are Rdwnx=3.4, Rdwny=3, Rupx=5.7, Rupy=5.1, Rslotx=5.9, Rsloty=5.2, lind=2.3, wind=1.3, Wup=1, Wdwn=3.5,
h=1mm, dh=0.25.

that are around wider feed section correspontinigwer frequency matching, while-lgeld in 5.7
GHz is focused around smaller feed section that improves matching in higher frequencies.

IV. ARRAY FEEDDESIGN

The feed section consists of two 1x5 seriggriction power dividesin traveling waveform. Each
arm of two 1x5 arrays is fed n aperture coupled power dividéfhe symmetrigpower divider
feeds two array arms with the 1889 phase differencé&o feed array elements in phategfeed arm
of T-junctions is mirrored in each side of the sarbay.On the other side of the antenna, element feed
arms are also mirrored alotige symmetry line ofthe Rotman lens. With this configuratiooross

polar field elements in both sidestbecenter feed and both silef the symmetry line ofhe Rotman
lenscancel out each other.

A. Feed Network

To feed linear sularray of proximitycoupled patch elements, series efufictions are cascaded
FFor the equal phased feeding of elements, the junction spacseg to one guided wavelength. To
obtain desired arrapper and good matching betweejumctions, transmission lines withlength of
&g/ 4 and 3eg/ 4= 4bren forthl centeh feequencysof 5.5 GHz. Line widths are
calculated according to the desired taper. Detailed design considerations fefesepiakch antenisa
have been discussed in [Some modifications are made in patch feed paramé&terempensate for
the array feed network and mutual coupling effects of patch elements.
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Fig. 5 Geometry of Rotman lens with parameters.

B. Vertical Coupling

To couple the Rotman beamformer to the feed network layer, a vertical coupling iAuseats
have reported severalesigns for vertical coupling between layers-pDf. Wideband aperture
coupldl transitions are designed by different authors [17, 19]. In this wohigvi® compact and easy
to fabricate transition, rectangular slpatches are used. Because the feed layer divides power
between two array arms, the transition also acts as an equal power divider.

The dructure of the slot coupling is shown kig. 4-a. To minimize spurious radiation from the
rectangular part ofhe slot in the feed layer and also to prevent it from interfering with patch
elements, its size should be as small as possible. This limitation restrittantth@idth of the slot.
Therefore, optimization is necessary to obtain the widest bandwidth while the rectangular patch size is
kept small. Two indents are also added to the coupling &lotse an additional parameter for
optimization to improve thslot bandwidth Because the effective permittivity of two dielectric layers
is low, the layer thickness should be small enough to have sufficient coupling through the aperture.
On the other handhe higher thickness of the feed layer may excite powerful sarfaaves that
degrade radiation performance. This limitation for the layer thickness limits the spacing between the
feed layer and patch antenna. The detailed design procedure of the coupling slot is presented in [17].
Parameters for vertically couplingoslas shown in Fig. 5 are Rdwnx=3.4mm, Rdwny=3mm,
Rupx=5.7mm, Rupy=5.1mm, Rslotx=5.9mm, Rsloty=5.2mm, lind=2.3mm, wind=1.3mm,
Wup=1mm, Wdwn=3.5mm, h1=h2=1mm, dh1=0.25mmpa%ameter of the coupling slot is shown
in Fig. 4-b 900 MHz bandwidth for 20dB return loss from 5.1GHz to 6GHz is achieVkd.
magnitudedifference betweethetwo output ports is less than 0.8 dB from 5.2 to 6 GHe phase

difference between the two outputs is changes from 164° at 5GHz to 174° at 6GHz.
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Fig. 7. a) Measured reflection from various beam portsMigasured mutual coupling between port No.4 and other ports.

V. ROTMAN BEAMFORMING DESIGN

Rotman beamformer structure is presente&i@ 5. In the Rotman lens desigrihree ideal focal
points correspondto broadside, and two outermost scan angles form feed contour. In [21], the
outermost beam port angles are the same as maximum scan and not necessarily equal to array port
height However based on the guidelines in [22] for the maximum power delivetiigarray ports,
both the beam and array contour height should be the same.
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Tablel. Parameter definitions of rotman lens and their values

Definition Value
Maximum position of radiating 0.137

elements(m)

Maximum scanning angle 30
Focal angle 38
Array spacing(m) 0.35
Num. of beam ports 7
Num. of Array ports 8

In [1, 2], the modified design equations with an extra parameter for the feed contour height have
been presented. The rotman lens is designed based on design equations presented in [1, 2], and main
design parameters are summarized in
Tablel.

Beam and array ports are taperedthie lens point to match the microstrip line to the radial
waveguide of the lens sectionhd faper design procedure has beepl@red in [23]. Based on the
guidelines in [24] for sidewall design, 12 dummy ports are formed for maximum absorption of lens
spillover. The dummy ports are terminated vitb 0 o hm SMD resi stor with ac¢
edge of the substrate.

The fabriated beamformer is shown kig. 6-c. The beamformer conssdf 7 beam ports for scan
angles of £30°, £20°, £10°, 0° fed by eight array ports. Base{B3pno avoid grating lobes, the

element spacing for a maximum of £30° scan angle at a frequency of 5.8GHz is 34mm.

VI. RESULTSAND DISCUSSION

The entirearray and beamformer prototypee fabricated and its layers are shown kig. 6. The
array feed layer and patch layer are showrFig. 6-b and Fig. 6-a, respectively Rotman lens
structure is shown iRig. 6-c. The btal antenna dimensioase568mm x 350mm.

For structure rigidity and suppression of back radiation from the coupling slots, an aluminum
reflector plane is used as the backplane with 15mm spacing tlierRotman lens layer. The
reflection and mutual coupling between beam ports are showiy.i7-a andFig. 7-b, respectively.
Bandwidth for-10 dB reflection is over 5.25GHz to 6GHmd mutual coupling between center port
(port 4) and other ports are lower than 15dB aveange of 5.6%5GHz and lower thad0dB for 5
6GHz. The main bandwidth limiting parameters of design is the narrow bandwidth of the array
element adthe limited bandwidth of the series feed.

Measured Eplane (xz) radiation patterns at 5.7GHz are showrFion 8. The HPBWs are
approximately 11°, 9°, 11°, 10°, 10°, 8° for ports 1 tard the related beam directions &3@°,
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in (=0 andatb5GHD pl anes

-21°,-10°, 0°, +11°,+19°, 31°, respectively. Slight variations from designed angles are because of
fabrication and measurement tolerances. Crossover between adjacent {3uBs fisr £30° angular
section.

The simulated gain and radiation efficiency of the proposed anteamaesented ifig. 9a. As we
can see, the gain is higher than 16dB for frequencies above 5.25 GHz and is 21 dB in 5.8 GHz. The
radiation efficiency is also higher than 76 percent for frequencies above 5.25 GHz.
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Antenna array gain ip=0 and@=90 at 5.5GHz is also presentedig. 9b. It is observed that in the
¢@=0 plane witch amplitude taper is applied to the array feed network, we have 15dB sidelobe level.
Despite a sidelobe in 27 degrees off the broadside, thereoth@osidelobe above 18dB#@& 0 < d <9 0
region. However, the sidelobe I evel in the G41=90
as 14dB. The magnitude and phase of tHéeH distribution of the proposed design over the center
array elementslong the x dimension at 5.5 GHz are showrrig 10. The field has an amplitude

taper along the-dimension of the array.

VIl. CONCLUSION
In this papemplanar multtbeam array witta Rotman lens beamformer is designed and fabricated.

The multilayer structure ofhe array and beamformer is compact and highly integrated suitable
for various wireless applications like point to multipoint networks. &tnipling ofthe Rotman lens
layer tothe array layer and proximity coupling of radiating patcledisninating the need for vias
which complicatethe design and fabrication. Linear setied subarray design redwcéeedline
lossesand, at the same timgrovidesa compact structure to feed radiating patches.

The side lobe ofhe array pattern in elevation direction could also be controlled with proper design
of series feedine. The feeding mechanism and the direction of 1eexs eliminatecrosspolar field
elements and improve the sidelobes. Radiating patches are also miniaturized in order ttzefit in
array unit cell and to prevent from interfering witle feed network. The Fabricated structure presents
acceptable results in® GHz frequency rang iterms of reflection and isolation between beam ports.

The measured patterns also verify Rotman lens design parameters and array configuration.
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