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array of unitcells (flat lens) Each unitcell coriciss oi* first an, »nna
Abstract? This paper presentshe design, optimization, fabricatonand  array working in receive modendconnected (thi igh . »asbhi.ers)
characterization ofan electronically steerable transmitarraywith 2 bits of  to a second array working in transmission nfde.

phase quantizationper unit cell. The proposed transmitarray operates in Several wideband fixed[14]-[15] or swi. hedbea»[16;»and

linear polarization at Ka-band and is composed of 14x14 reconfigurable . . . 115
unit-cells Four p-i-n diodesare integrated on each unitcell to control the electronicallyreconfigurable TAs [12%.c][17,7720] have been

radiated field phasedistribution across the transmitarray aperture. The ~ Presented and dgmonstrated in the [i 2rature Pt Blztirgquencies
prototype demonstrates experimentally pencil beam scanning over a [21]. In our previous workg12].[18], "2 pos ibility to implement
120x120degree window, a maxinum gain at broadside of 19.8 dBi, and a electronic bearscanning hasfoeen_suc. Cosfudlyown using bit

3-dB fractional bandwidth of 16.2%. reconfiguable TAs with 800 [ »adh0acs integrated on the antenna
Index Terms? Transmitarray antennas, beamsteering, beamforming, gperture. Shaped biz.m‘ i ilat_tor patte;m.s) lhfwe alsol been
Ka-band, discrete lens, electronically steerable antenna. emonstrated18]. Onabit arc itecwures areelatively low cost low

loss,and wideband (&. »gainbhv.dwidthup to 15%) due to reduced

number of laye’s adon hstiedevices integrated to control the

) . ) . transmission¢aasédc rever, the limited phase resolution leads to
The demonstratiof relatively lowcost and innovative antenna directivity loss(c hse to 448 for a 400element antenna@ndhigh side

technologies for user terminals with electronically bedeering lobes T 0-unhas hquantizian can be used to increase bagierture
capabilities is a key element in the development of the futiesriet officiel sy 4nc hradiation pattern quality at the cost of a érigh

of Space (l0S) ecosystddi. This innovative communication network® ol ane optimization constraints.
will deliver high datarate services to every part of the globe thanks t€ | o % e clectronicallyreconfigurablel A prototypeis presented

futureggneration ter.restrial and .broadband satellite networks at' tabend Theproposed antenna is basen the reconfigurablenit-
Satellite costellations operating at Kaand play a fundalidiiiy, o architecture previouslyeportedin our preliminary conference
roleto increase the system bandwidth andsequentlyheachievaliy, -\ o1 [22],123]. To the best of our knowledgehe TA prototype
data_ratg the allocated frequency bands for both ilitary and Ciliogcrined hereis one of the largest (14x14 uiells) 2bit
applications are 17.7+21.2 GHz and 27.5£31.0 GEoy for the oo cqronicallyreconfigurableTA presented in the open literature at
downlink and uplinkrespectively In the last yearssgzeraictenna 5 hang, andts radiation efficiency is among the highest reported so
configuratiors _based on fully mechqnlce(le.g. [2.13]), h fid g (around 48% The only 2bit prototype previouslyntroducedin
electromechanicge.g.[4]), and electronically #5abl&0aIFH7])  [17] contairs 22x22 unitcells, but the radiatiorcharacteristics
architecturesiave been presented@sademi¢-omdsstrial solutions.  yemonstrated experimentally were degraded by the low reliability of
The existing fully electronically reconfausab . chite “tures are basggh, MEMS technology used (alididB gain reduction).
on liquid crystal controlled holographitmetas#2%56] or more This paper is organized as followghe architecturs of the
importantly onclassical phased arraama [ 7] proposed ait electronically reconfigurablanit-cell andTA and the

h i H "
For the future 5" Generationm bile . wresiial networks, several fapricated prototypearepresentedn Section Il Thenwe describe in
frequency range(24.27 £27.5 Gix, 31.81 3.4 GHz, or 37.08440.5 gt ||| the radiation performance obtained in simulations and

GH2) atKa-band have tengicate fasdootential candidafes the 044 rementsFinally, conclusion aredrawnin Section IV
development of high | 2rfortiance™ »ackhauling and access point
systemd8]. In the last ye »«ever Iphascd arragolutions[9] have
been proposed anf aie gei. 2", based on andtb@jue fully-digital
architecturs [11]. A. 2-Bit Reconfigurable UniCell: Design, Fabrication and
Thanks testheir Jnatia! reeding architectared the possibility to Experimental Characterization

control egsily the_ puasedistribution on the array aperture, The global architecture, details on geometrical parameters,
transmitari_vSTAs and reflectarrays are excellent alternatif@  operation principle, and numericahalysis of the -bit reconfigurable

I --hpsteeracipayfications In contrast to reflectarrayd,As donat  unit-cell have been described and discusse@®j,[23]. Standard

st fer e Tyeny feed blockag®loreover advanced TA designs may Printed Circuit Board (PCBjrocessi.e. with minimum trace width of

lea tafultralow profile architecturefl2]-[13] and to &ull control of 80 pm and minimum vialiameter of 120 umhas been selected

the { ansmission phase and polarizatiothesame timg14]. A TAis  demonstrate the possibility to implement the propatesign by using
typice 'y composedf one or several focaourcesilluminating @ mature and relatively low cost fabrication technologiéss unitcell

. INTRODUCTION

Il.  TRANSMITARRAY ARCHITECTURE DESIGN AND FABRICATION
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(see its cross section viewfiig. 1(a)) has a size of 5.1x%1.3 mn?#  (layers M2 and M5) of each patch substrate. The bias network isclude
o 7o To DW *+] dKthkEUvdvelength in free space atmicrostrip radial stubs and capacitors to isolate the RF signdls in
this frequency). It is fabricated on three Rogers RT/Duroid 600énhd Rxsides, respectively. The DC connection to ground is realized

substrates f= 2.94, tan' = 0.0012) bonded with two RO4450F films with a short circuit stub (M3and connece to the ground plane by

( H= 3.52, tarf = 0.004).The selected substrates have been previouslising metallized vias (from M3 to M4). The bias lines are also
used in our passive design at-Band[14], showing the possibility to connected to the patches by metallized vias (from M1 tpavi@from
achieve transmission loksver than 1dB on abandwidth in the range M5 to M6).

10 +15% Compared to the dielectric staak used if22],[23], it is In our designp-i-n diodes are usetd limit the number cf the bias
important to notice that a new bonding film has been used herelifegs (i.e. only two lines tocorrectly bias four devices)and; “hieve
improve the mechanical stability and fabrication yield of thigelatively low insertionosscompared to othetechnologiassucihas
multilayer PCB stackip. Therefore, the geometrical pareters of the varactordiodes[13] (3.2 dB at 4.8 GHzpr MEMS swi‘chey 7] (ii-

unit-cell have been reptimized to take into account this newthe range 4.9t9.2 i as a function of the phale st 8.8 GH &
The unitcell has been designed using Ansys® 'ESS wersic nHi8. T

configuration.
p-i-n diodesare modeled bjumpedelements. € juive yairce tsvalid
up to 40 GHz this mode| previously ex actedirc m oi ?CB
measuremen{&5], consists o& series o'cuitRon 24.2 :, Lon=0.05
nH) and a shunt circuiRerr = 300 k: | Corr = 42 fi),in the forward
(lnias= 10 mA) and reversé/fias =52 Vv, stater. spectively.
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Fig. 1. Reconfigural &-bit unit-cen. (a) Crossection view.Photogaphs of
the realized prototy, =: Ytiran mitting TX) pach printed onmetal layerM1, .
and (c) recei iRy . itche'.nted on M6 (d) Schematic view of the delay States of the proposed uiill.
line conneq :d to th&x patch antenna? -i.-n. diodes are labeled D1 to D4 in
(b) and (c).

Fig. 2. (a) Simulated and (b) measured transmission phase of the four phase

The complete operation principle of this uodll, including the
analysis of the surface current distributions on both patch antennas has

"he r . "iqg elements consist ofnterfed O-slot rectangu|ar been detailed |r{23] as a function of the -Dn diode states. For
pat,_hiintennas working in transmittifig(Fig. 1(b)) and in receiving COmpleteness, a summary is reported here. Both giodes on each
(Rx ig. 1(c)) modes, respectively. These two patch antennas a{@i_latlng element are blased_ in opposite state_s (when one diode is
printe > on the top (M1) and bottom (M@ietallayers of the dielectric swﬂqheld ON’_ tr;lg othber one ISDIg OFdF gfz_te, ‘;m vlersdat More
stackup andareconnected by a metalizéidru via hole(diameter: 200 precisely, switching between an ig. 1(c)) leads to an

P located at their center. A ground plane printed on M4 separat'g ersion of the surfaceurrent flow on thd&kxmetal layer. As a result,

. . . a180° phasshift is achieved on thBxpatch antenna, as in the case
and isolatesoth patches. Two -n diodes MA4GFCPI0P24] are of the &bit unitcell introduced in[25]. The same mechanism is

flip-c_hipped on e_ach_ patch antenna to tung the transmis_sionvpitiase employed on th@x metal layer by switching the-ipn diodes D3 and
a _2-b|t guantization i(e. four phas_e stgtesmv_aQO" relative pha_se D4 (Fig. 1(b)). Moreover, an additional phashift close to 90° is
shift); they are controlled by two bias lines printed on the opposite Sidg5ined on thax patch antenna (M1) thanks to the delay line printed



on M2 (Fig. 1(d)) and connected to the rectangular patch (M1). As a linearlypolarized pyramidal standard gain horn antenna with a
result, four phase states are obtained: 0°, 90°, 180° and 270°. nominal gain of 1@Bi. The focal distance is fixed to 48 miF/D =

The fabricated unit-cell (labelled UC000, UC090, UC180, and 0.67) and has been optimized with darhousetool in order to
UC270) has been characterizedsing the waveguide simulator maximize the aperture efficiency.
describedin [25] (i.e. two rectangular waveguides WEB and two
rectangulatto-square waveguideansitions). As shown ifig. 1(b)- C. Bias Network Design and Impact on the Uaill Performance
(c), two rings of vias and a large ground plane are used to guarantee @hefabricated TAis divided irto four 7x7 subarrays to bias the 784
good electrical contact between the waveguide flareged the unit  integrated gi-n diodes Each steerindogic board drives one subarray
cell prototypesFurthermore,ite simulated rests have been obtained with two +10 mA bias currents (one for diodes D1 and DZ ¥‘nd one for
by modeling the waveguide setup used experimentally. The simulatgd and D4) per unitell. Considering the-pn diode threshold v iitage

3-dB absolute transmission bandwidth (BW) is equal to 9.6%, 16.50((1_2 V), the total power consumption is 24 mW for e/ ilitar !
12.1% and 15.5% for UC000, UC090, UC180, and UC27Q; 7 \w for the full array.

respectively. They are in acceptable agreemeitit the measured
values (11.7%, 10.1%, 12.1%, and 10.3%, respectively).

The simulated and measured transmission phase of theelini Radiating aperture
plotted inFig. 2 for the four phasstates. The measured relative phase
shift between the UCO000 state and the three other states (UC090, \
UC180, and UC270) is equal to 124°, 178°, and 315° at 29 GHz, @ == = == = — % ﬁm-m m
respectiely (in simulation, these values are equal to 105.9°, 178.5°,

I
and 297.6). The relative phase shift between UC000 and UC180, and I : ;J[ g |
between UC090 and UC270, is very stable and nearly equal to 180° :

—m
over the full unitcell transmission bandwidth; this comesnfrahe m ] m

|

|

|

|
switching mechanism of each pair of diodes, as described above. This | \ -——‘l m m |
result is in agreement with our previous demonstratif2e. I I fL
Moreover, the nomerfect 90° phasshift at central frequency L. . ol m m ‘

between UC000 and UC090, and between UC180 and UC270, is due
to the complexity of the optimization and to the standard PCB
fabrication constraints considered in the design.

The differences éween the simulated and measured results are
most probably due to the misalignment of the -geit in the @ (b)
waveguide setup and to the PCB fabrication errors (laye
misalignments, geometrical dimensions, +umiform thickness of the .
bonding film layers dugo the pressing process, etc.). These § ipent N X

have been confirmed by retsimulations, but the dete =d — L= m
presentation of the results istoaf the scope of this papefhe : =

insertion loss measured and simulated at 29 Gh.»and - 3 ' = Sslsluln ofS/EIE: = m

transmission bandwdth of the unicell in the four phasc wtes are
summarized in Table I.

TABLE |
MEASURED ANDSIMULATED PERFORMANCE OF | HE2:/ T UniT-CELL

Transm. lossat  3-dB tran<gi. 3W Those shift at 29

29 GHz (dB) (C47) GHz (deg.) ¥ 4
Sim. Meas. Sin. v.as. Sim. Meas. : R i '
27.0 26, + i m'!...u
uCo00 1.0 2.1 . - -
. ~s © (@
7.4 L4+ M1
uCco090 0.8 15 31 303 105.9 124.0
0.8+ 26.7%
uC180 1.0 2.3 305 30.2 178.5 178.0
275+ 27.3% M2
uc270 0.8 1.0 31.3 303 297.6 315.0
B\ Tra.. wmitarray Design and Fabrication M5

nef.abricated 14xtélement TA is shown ifig. 3. The aperture
size 1as been chosen to achieve similar performance (i.e. gain in the
range of 20423 dBi) if compared to the one of our previous works at M6
Ka-band[12]. The flat panel (142x163 mm?) is realized on the same
dielectric stackup as fo the unitcell (Fig. 1(a)). It includes the ©
radiating aperture of size 71.4x71.4 mm2o&7 o), the 784 g-n
diodes integrated on the receivingid. 3(a)(b)) and transmitting Fig. 3. Photographs of the realizetectronically steerable transmitarra(a)
layers FEig. 3(c)-(d)), the DC bias network, and the bodosboard (b) receiving and (efd) transmitting layers with -n diodes.(e) Schematic
connectors used to interconnect the steering logic. The focal sourc¥i§y of thebias network on one line of the 7x7 subarray.



The bias lines arrangement is realized by symmetries in bothl RPLQDOY LQ WKLV )LIJXUH DUH LQ D UHOD
receiving and transmission subarray sides. A total number of 98 bimsaximum difference of 1 dB. The theoretiaad measured 3 dB gain
lines (i.e. two lines per unitell) is necessary to bias the 196-p fractional bandwidths are equal to 14.8% (2817GHz) and 16.2%
diodes located on the transmitting and receiving layers of eacf26.230.9 GHz) at 29 GHz, respectively. However, significant
subarray. The photographs of the TA receiving (M1) and transmittirdiscrepancies (around 3.4 dB at 29 GHz) have been obtained when
(M6) layers with their bias line distribution network are showRitn  comparing simulations and measurementsgsured gain: 19.8 dBi,
3(a)y(b) and (c}(d), respectively.This bias line arrangement is theoretical gain: 23.2 dBi).
identical for each of the four subarrays. As presentddgn3(e), the
bias lines of the transmitting patch diodes are distributed between the 24 : . N
layersM1 (5 lines) and M2 (2 lines). On the receiving side, the 7 bias
lines have been distributed on layers M5 (5 lines) and M6 (2 lines).

In the proposed analysis, three wurddl configurations with 2, 6,
and 14 DC bias lines have been considered to study the impact of tHg
bias network on the unitell frequency response. These three
configurations are considered as representative test. taghe first
case the bias lines controlling theipn diodes soldered on the patch 16

Gain (d

Theoretical Nominal
— — —Full-wave Ng¢ ‘inal ‘

antennas on M1 and M6 are printed on M2 and M5, respectively, as Measuremer |

described in the Section Il.A. Furthermore, foe tonfiguratonwith [ |7~ . Gy

14 lines the bias lines are ditbuted on metallic layers M1, M2, M5 12 ‘ Y AR : ‘

and M6. 26 27 28 29 30 31
Thesethree unitcell configurationshave been simulatadth HFSS “requency (€dz)

for the four phase states with periodic conditions and Floquet mogdg. 5. Theoretical, simulated, anc measured broadside gain of the TA prototype
excitation under normahcidence For brevity purposeswe provide as a function of frequenc;

here mly experimental results obtained for phase state UC000. The

corresponding results (measured amplitude and phase in transmission) 25 25
areplotted inFig. 4. The obtained results show very stable scattering 20 A 20 A
parameters in all cases, demonstrating thereby that the DC bias lines |5 15 “
do not impact the RF performance, as predioghown in[12],[18]. N ' g 1o
The impact of the oblique incidence has also been investigated, but .~ s % s
results are not detailed here bagsa the conclusi@are the same of S N | E
- et
the one presented [a8]. L | | N
-5 \ R I & -5
= ! Iy =
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Fig. 4. Measured (a) ampliti 1e4id (5" phas of the transmission coefficient of
cellUC000 as a functimeaf 1. 2quer’ y and theumber of bias lines

IIl.  BEAM CC \LIMATII 5 AND SCANNING: NUMERICAL AND

- 26 27 28 29 30 31
Y2 RIMENTAL RESULTS

Frequency (GHz)
The ra. ation | paracteristics of the propostd have been (b)
¢ autedusi rawiybridin-housetool based on analytical equatfon
a1 fun-ve simulations of the unidells and focal sources. Fig.6. Radiationcharacteristics at broadside. (a) Measured and theoretical gain
Me 'sifemens have beerarried outin the CEALeti far-field radiation patterns at 29 GHz in E (left) and (right) H planes. (b) Measured gain
andBBoic chamber. as a function of frequency and elevation angle in H plane.

Th \theoretical directivity ahe uniform 70x7 oradiating aperture

is equal to 27.9 dBiThis value has been used to compute The To bgtter understanthe reasons for these discrepancies, th_e in
aperture efficiency. depth diagnostic of the realized prototype has shown that 5tellst

were found faulty, most probably due to fabrication defaults in the
A. Performance at Broadside PCB. DC short circuits between some bias lines and the ground plane
The theoretical if-house tool), simulated (Ansys HFSS) and hawe been detectee.q. short circuits between metal layers W&
measured gain at broadside is plottedFig. 5 as a function of and M4M5 most probably generated locally during the PCB pressing
frequency. The theoretical and simulated results, indicated @8d bonding process). The corresponding diodes are thus in the OFF



state.The theoretical and simulated frequency responediated as B. Beam Scanning Performance

HZ )DXOW\ 8&VY DUH SORWWHG DQG FRPhaBdaM ScaWifly cBiakiMes drithB breb¥sdd tkkdfitarray have
nominal simulations ifrig. 5. They are now in much better agreemengeen measured for steering angles betw66f and +60° both in E
with themeasurement results, with a maximum gain difference of Oghg H planes.
dB at 29 GHz between theory and measurements. Fig. 7 represents the measured and theoretical radiation patterns at
The measured and theoretical gain radiation patterns are plotted 28dGHz for an antenna beam pointing at 20° and 40° -iplaHe.
compared inFig. 6(a) at 29 GHz. It is important to notice that thegxperimentally, the corresponding antenna gain reaches 18.7 and 17.4
theoretical results have been calculated by considering in tQg; respectively. These values are in good agreementiw mmory,
simulation with thein-hose tool the faulty unicells. A very \jth a peak gain difference lower than 1 dB. Similar resut.c 2ave been
satisfactory agreement is obtained floe main lobe in both E and H gptained for the other steering angles anpl&he beams
planes. However, discrepancies on side lobes are observed due to thghe scanning capabilities of the antenna are characteri.hd upwo 60°
spill-over and diffraction effects, which are not taken into account iy E- and Hplanes in Figl0(a)(b). The scalioss a. +60° re ‘ches
the in-house theoretical model. The ddlane radiation patterns ghout 5 dB due to the gain variation of the +m@. kadia ansfattern
measured from 26 tal3GHz confirms the wide band properties of thergr the same angular rangghe slight asymms ry ancdistc Yon of the
antennakig. 6(b)). radiation patterns are due to the faulty e 5. It is . hporwint to
notice that symmeitral and nordistortef. pattern. have been obtained
25 25 in simulations when the nominal tra smitarrg/ configuration without
20 | [= — — Theor. 20|_~ ":Ah;"s“ faulty unitcells is consideredhesmoss hlarizz ion discrimination is
' 4 also excellent, with a maximi{ n cresalari-aton level lowerhan 4
dBi between60° and +60°
In order to highlight the “mpact o7the 51 faulty uodélls on the
radiation performanga of the mroposed antenna, the theoretical co
polarization gain _patte: »s hav)» veen plotte&igm 9. These patterns
have been comiute hat Lowfaside and for different scanning amgles i
the vertical, 1€} izontai »nd diagonal planes, when the nominal layout
of the transmitc xray without fawltunit-cells is considered. These
resultsfaen: astrac ) an excellent scanning capability up to 60° and
onfirr tha the Jadtitern asymmetry and distortions are due to the faulty
riocells
Fig. 7. Scaming radiation characteristics: easured and theoretical gain "\, lly, wie obtained results of theb® electronically steerable
radiation patterns at 29 Gz H plane for a teering angle of @ (left) apd®® 4 \gm-ray antenna are summarized and compared to the current
(right). 2t of-the-art in Table Il. As discussed in the Section I, only two
prototypes[12],[17] have been done previously at-Kand. Both
, rototypes demonstrate an aperture efficiency lothen the one
achieved in this work
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Fig. 9. Theoretical 2D gain radiation patterns (Ludwig 3 -pmlarization
0 (degrees) component) of the-Bit steerable transmitarray achieved at 29 GHz when the

(b) nominal array layout without faulty uniells is considereda) Broadside, (b)
( o, b) = (40°,0°), (c) (o, k) = (60°,90°), and (d) 6, k) = (60°,45°).

Fig. 8. Measured radiation patterns (realized gain) a&B2 as a function of

the steering angle. Guolarization components in (a) E and (bpldnes.



(8]
A 2-bit electronically steerabl&é4x14 elementransmitarray has [9]
been presented in detail atdand. The proposed antenna is based on
a reconfigurable unitell with 4 pi-n diodes to control electronically
its transmission phase.eBpite some neoperating unicells, which  [10]
is a positive outcome from the application point of view showing the
gracdul degradation of the performance in such operating conditions,
the radiation patterns remain relatively good with moderatelsluke [11]
levels. It is believed that this work represents a significant progress in
the current statef-the-art since there is nother example of a-Bit
active Kaband transmitarray with such promising results.
The measured aperture efficiency anddB gain fractional [12]
bandwidth are equal to 15.9% (35% in simulation) and 16.2% at 29
GHz, respectively.

IV. CONCLUSIONS

[13]
TABLE Il
PERFORMANCECOMPARISON WITH EXISTING ELECTRONICALLY STEERABLE
TRANSMITARRAYS [14]
This
Reference [13] [18] [12] [17] work [15]
Layers 7 4 4 3 6
Phase Varactor p-i-n p-i-n p-i-n 16
shifters diodes diodes diodes MEMS diodes el
Freg. (GHz) 4.8 9.8 29.0 34.8 29.0
Polarization LP LP CP LP LP
FID 03 0.7 0.6 - 0.67 (7]
Phase 400° 1-bit 1bit 2t 2-bit
resolution
[18]
Gain (dBi) 15.6 22.7 20.8 9.2 19.8
Ap. eff. (%) 34.0 16.0 9.5 6.2 15.9
3-dB BW 9% (2 [19]
%) dB BW) 15.8 14.6 16.2
Beam +45°E, $40°/+60° +60°E, =+40°E, +60°E, [20]
scanning and H E-, and and H and H and H
capability planes  H-planes  planes planes  planeg

* Distortion on the radiation pattermbservedor scan angles higher than 40° [21]
aredue to the faulty unitells.
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