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Abstract—Snow avalanche is a natural phenomenon, which lobes. There are several existing techniques which can be
annually causes infrastructure damage and leads to human ytjlised to avoid grating lobes. One approach is to utilise
casualties in many countries all over the world. As a result, Overlapped Subarrays based on Butler matrix [2]. The gyatin

a detailed hazard mapping is required to be able to understand lob be al db litude t ing te@ni
the avalanche risk levels. Also, the scarcity of the areas suitable '0P€S ¢an D€ alSO Suppressed by amplitude tapering e@&niqu

for constructing infrastructures in the mountains places a high as shown in [3]. Other approach is to create randomly spaced
premium on providing high precision hazard mapping. This Subarrays to eliminate the unwanted grating lobes as mgbort

paper presents the design and development of an advancedin [4]-[7]. Since subarraying technique gives rise to thaged
phased array antenna for an FMCW radar to produce a high 5.5y sidelobe level amplitude tapering technique is dgual

resolution image of snow avalanche in range and cross-range. ... . .
The proposed antenna is a 16-element fully populated phased utilised to reduce the sidelobe level as reported in [3] &@jd [

array with +14° azimuth beamwidth and +22.5" fixed elevation ~The amplitude of the phased array elements can be tapered by
angle. The designed phased array antenna has 14.4dBi gain anddesigning specific a feed network to assign the desired amoun
-20.3q|B sidelobe level. In this_design Subar_raying ove_rlapping of power.
technique has been used to eliminate undesirable grating lobes peye|oping a phased array antenna requires modelling of an
by means of spatial anti-alias filtering. A phased array power - . A
divider is proposed to allow tapering of the amplitude of the array of radiating elements with a power dIStr'b,unon netwo
elements to achieve low sidelobe level. to feed each array element. Then, by applying a relevant
phase shift to each array element the phased array beam
can be pointed to the desired direction [2]. The avalanche
imaging FMCW radar receiver front-end receives the echo of
the transmitted chirp and to produce the image of the avatanc
. INTRODUCTION by phased array multi-beam beamforming. In other words, the
NOW avalanche is a significant threat to human life angéceived echo by the phased array antenna is required to be
infrastructure. Therefore, by risk assessment of the araasltiplied by the all the complex weightings correspondiag
that are prone to avalanche, based on statistical analysi® different beam angles to form a beam in that direction to
the avalanche risk zones can be calculated. FMCW radss able to construct an image of the snow avalanche.
is an appropriate remote sensing tool that can be usedAecording to the existing literature there are various sy/pé
characterize the snow avalanche by transmitting chirp tdsva antenna that can be used as the radiating elements as teporte
the target continuously. Such a radar requires an antenng9]-[12]. Among those, the microstrip patch antenna is a
with steering capabilities to be able to monitor the wholgopular because of its low-profile and simple structure .[13]
track of the snow avalanche. There are two basic choiceswever, the microstrip patch antenna suffers from narrow
of scannable antennas: mechanically scanned antennas agtwidth [7]. This problem can be tackled by applying sev-
electrically scanned antennas [1]. With mechanically sedn eral techniques such as using parasitic elements [14] and sl
antennas, beam agility is the function of motor speed/powgichniques [15]-[17]. Using parasitic elements can make th
and it takes around 1 s to scan all directions [1]. On the othetfucture of the array much complicated, therefore loatliey
hand, an electrically scanned antenna such as a phased asfayis a more convenient technique to enhance the bandwidth
antenna can steer the beam in just a few microseconds [the microstrip patch antenna.
Therefore, as a snow avalanche is a relatively fast movigg mentioned phased array antenna power distribution feed
target, an antenna with fast steering capability such asgzhanetwork design play a significant role in assigning the resgli
array antenna is required. amount of power to each phased array element. There are
In designing the phased array antenna the unwanted grafgfiffierent types of phased array feed network that can be
lobes are the function of phased array inter-element spaciimplemented, such as optical space feed, series feed and
Therefore, in the case where the inter-element is spacingpigrallel feed [2]. The main drawback of the optical spacel fee
more than)/2 to achieve the desired antenna beamwidth,i@the reflection loss and low level of flexibility in contrinig
technique is required to be applied to suppress the gratimg pattern to achieve low sidelobe level [2]. Moreover,ha t
_ o _ case that series feed network is utilized the path length to
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[2]. There are different types of power divider that can be
used to split the power to the phased array elements such as
Wilkinson power divider and T- junction divider.

In this paper a phased array antenna for an FMCW radar
is presented. This system has the potential to produce high
resolution snow avalanche images in two spatial dimensions
The proposed phased array antenna for the FMCW radar is
a 16-element fully populated uniformly spaced antenna with 408 o6 -0s
a unique structure to achieve the required antenna beamwidt

while suppressing unwanted grating lobes, utilizing anr-overig. 1. Solid black line indicates the normalised array faétw the targets

|app|ng Subarraying technique_ Also. to reduce the phaslédhe direction of array normal and\2is the array inter-element spacing.
' . The main lobe appeared sihh /=0. Solid red line shows the normalized array

array antenna sidelobe level 3dB power difference is requwfactor for the target at the edge of the field of view(%14f an array with
between the overlapping and non-overlapping elementsefhe2) inter-element spacing. The main lobe appearedaf = +0.25 and the
fore, it is required to use a power splitter to assign desirétpsing grating lobe appearedsit § = —0.25

power to the overlapping and non-overlapping elementstelhe
are several existing power dividers such as hybrid, direc-

tional coupler and Wilkinson power divider which can bgvalanche flow from the whole track of the avalanche. There

used for such applications [18]. Among the aforementionéd® several important parameters in designing a phaseg arra

power dividers Wilkinson power divider has been widely use%n;er;)na suggthas_raumkr)]er 0(; elementst, |ntert-)elemer_1c§ﬂ:];pa<:t|ﬁg
for phased array radar applications.Therefore, Diamond-T hd beamwidin. The phased array antenna beamwi IS the

in Two-out splitter is proposed which assigns the requiréaqgﬂzg ofa?:n;t):rsofbeleirﬂ?g;séi?s tltlr(]aovgrr;hes?ehear?r?d Z:}raé
amount of power to the overlapping elements to achieve t@%ereforeg b usig aylar o num%er of ele>r/nents rg ulagrll '
aforementioned power difference.In [19], a power distiimu d h vy dg p 9 be minimized 2 » €9 y
network was designed and simulated using Wilkinson pow aced, the gain drop effect can be minimize [ .]' l\_/l_oreover,
divider to assign required amount of power to the overlaqppirﬁ e phased array inter-element spacing plays a significaet r

elements, however the reported structure can only be ué&suppres; the unwanted grating in the phased array visible
in asymmetrical phased array configurations. Also, in [2 rea. In this paper, a 16-element fully populated, unifgrml

the Star-Wilkinson power divider structure was shown whic aced phased array antenna Is .proposed. According to the
Lay factor Equation (1) where N is the phased array number

can be used to feed the phased array overlapping eIemeﬁL | ts dis the phased ter-el ¢ -
however, according to the structure of the aforemention% elements, d is the phased array inter-element spagung,

power splitter which consisted of isolation resistors tighh the scanning direction andlis the wavelength, 2 inter-element

loss and side-lobe was achieved. In this paper, the mathentA2cNg 1S required to achieve the afqrementlc_)ﬁﬁt_ n
ical and theoretical analysis of the Diamond Two-in Twogzmuth. The array pattern plot shown in Fig. 1 indicate$ tha

out power splitter is proposed for the phased array powgﬂso artr'aylbearrw'ldth IS a(I:Eh|ev$d Wg'Ch ;]S n igreter:]ment V\;'th
distribution network which consists of parallel transrioss eotrﬁ |cadf\m_a¥sls usmgl q';'s I?tn( )Vt\)l erle IS e'?r:n?th
lines in a diamond orientation to feed overlapping eleme ngth andA 1s the wavelength. ft can be aiso seen that the

while 3dB power difference between the overlapping and no rating lobe separation is 0.5 #in ¢ and the grating lobes are

overlapping is achieved and the unwanted grating lobes ?%t vifik()jlihintt.hethe}rray vistikt:Ie area -0.;5<-;O.25. Lt.ffh?;”d t
suppressed in the phased array visible region. The propo oted that in this case the progressive pnase shilt ameng

phased array system was deployed at the avalanche test si + ?hSEd ar_r?y elemen':st |sﬂz]ero and g1e target IS astshume_d tol be
Alps, Switzerland and by processing the data collected by . € position normal 1o the array. By processing the sgna

16-element phased array the image of the snow avalanche \Waéhe edge of the field of view at +14r sin = 0.25, the

produced which shows the performance of the phased ar?ﬁ{r y factor becomes as shown_m Fig. 1. This flg_ure indicates
antenna. that a target at +I4would be aliased by the grating lobe to

This paper is organized as follows. In section Il the methogge dlrquon -hlﬂ. 'I('jhe app(_-:‘a:rancle of t?e gra_tlng I%t_)ehls l?ue
of designing the phased array antenna and phased array Itﬁewe wide phased array inter-element spacing which aflows
the grating lobes to enter the phased array visible areas,Thu

network are presented. In section lll, the results of situta . der t th desired ting lobe the el {
and measurement of the prototype phased array antenna'"3r8M4er 10 suppress the undesired graling lobe the elemen
ttern can be used as a spatial anti-alias filter. One a@iproa

shown. After discussion of methods and results in sectign IF/EI thi bl i b ina techni
conclusions are presented in section V. 0 overcome this problem was to use sub-arraying technique

which will be discussed in the following section.
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[l. METHODS sin (Nwd/A(sin 6 — sin 6y))
EO) = N (rd/Asnf —sind @)

A. phased array antenna structure sin (wd/A(sin 6 — sin6))
The phased array antenna proposed for the snow avalanche Au = 0.88)/L @)

imaging radar is required to have 200 MHz bandwidth at 5.3
GHz centre frequency angt14° beamwidth in azimuth and 1) Subarraying: Subarraying can be utilized by combining
+22.5 fixed elevation angle to enable the radar to record tleenumber of elements spread over the inter-element spacing
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Fig. 5. Overlapping sub-array with one shared element
Fig. 3. Dashed line indicates non-overlapping four half elaagth spaced
patches while dot line shows overlapping four half wavetkergpaced patches
and solid line illustrates overlapping fou\@ spaced patches normalized

array factor, element the sidelobe level can be drastically reduced.

3) amplitude tapering:As an example, by using four half-
wavelength spaced overlapping elements with [0.5, 0.5, 1, 1
to act as a given array element [21]. One of the advantadg®s, 0.5] weights (see Fig. 4), the array factor becomes as
of sub-arraying technique is that the antenna apertureisizeshown in Fig. 3. This is clearly an improvement over the
increased and so higher gain and narrower beamwidth canpsevious result shown in Fig. 3 as the beamwidth is narrower
achieved. By using an overlapping technigue in which argenand more capable of eliminating grating lobes correspandin
elements on the edges of sub-arrays are shared with adja¢eraliased targets and the lower sidelobe level achieved. Th
sub-arrays, it is possible to control aliasing by achievingrray factor shows -6 dB atin# = 0.25 and -18 dB sidelobe
a narrower sub-array beamwidth than would normally Hevel. In an alternate design to suppress the grating |dhes,
possible with a given sub-array spacing. This allows spatiater-element spacing within the sub-array elements can be
anti-alias filtering to suppress grating lobes. Assumingr foderived using Equation (1) which in this case is)).8lthough
half-wavelength spaced elements in between the elemeifits,practical convenience a spacing of/2 has been chosen to
then, the array element width becomes equal to the intatlow use of uniformly spaced antenna in each two-wavetengt
element spacing as shown in Fig. 2. The array factor of suithierval, see Fig. 5. By applying [0.7, 1, 1, 0.7] weights to
an array with four half-wavelength spaced element with tiibe elements within the sub-array the element pattern shown
same weights assigned to each element is shown in Fig.irBFig. 3 is achieved. In this case the element pattern has a
The result shows a reasonable anti-alias filter as the naredal narrower beamwidth with -20 dB sidelobe level.
array factor is -3dB atin # = 0.25 but the sidelobe levels are 4) elevation angle: According to the radar requirements
rather high at -14dB. A more effective approach to suppref®e phased array antenna is required to have a fix2d.5’
the grating lobes is to use an overlapping sub-array tedenigelevation angle. The elevation angle can be achieved byigddi
2) Overlapped Subarraytn the overlapped sub-array struc-a second row of elements. The elevation spacing of the sub-
ture, each sub-array shares its outer elements with a naighb array element can be derived using Equation (3) [22] , where
ing sub-array [21]. The overlapping technique thus inaeasn this equation de is the elevation inter-element spacimd) a
the distance between the grating lobes while narrows dowris the elevation angle. Assuming nominal array factor of -2
the phased array beamwidth. In other words, the overlappil§ at the maximum elevation angle the spacing of @.%}
allows a closer sub-array spacing in relation to the widtthef indicated. A value of 0.58 is used in practice.
sub-array. Therefore, by using this technique the phased ar
grating lobes may be suppressed from the visible region as G(0.) = cos(
the antenna beamwidth become narrower. To further decrease A
the sidelobe level, an amplitude tapering technique haa bee )
used at the expense of slightly broadening the main beam®f Phased array antenna modelling
the sub-array. As known, the array pattern, gain and sigelob The phased array antenna designed based has been modellec
level are dependent on the average power radiated by eatlST MICROWAVE STUDIO 2016. The first step to design
element therefore by assigning different weightings toheathe phased array antenna was to model a radiating element

7d, sin 0,
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i ) ) Fig. 7. Diamond Two-in Two-out splitter
Fig. 6. Probe fed corrugated patch antenna dimensions

to achieve the required antenna bandwidth with directiongl feed network design

radiation pattern. Then, the phased array feed network was

designed based on the weightings obtained in the previous ) ) _
sections. As there are several radars operating close to th# this paper the corporate feed network, which consists
centre frequency (5.3 GHz) of the proposed phased array, ra®d seyeral microstrip transmission lines, is used to delilie

it was essential to design a bandpass microstrip filter to AUired power to the phased array elements. A corporate fee
able to reject the unwanted band of frequencies while havif§Work is used as it is flexible and it is easier to develop for
sufficient at attenuation at 5.8 GHz. Then, the phased arf4l¢ cases where two dimensional array orientation is reduir
antenna prototype was developed in the University Colle§@: AS mentioned it was required to achieve 3 dB power
London (UCL) workshop. Finally, after optimizing the phdsedifférence between the phased array non-overlapping efesme
array antenna model based on the results which will g&d overlapping elements. Clearly, in order to achieve this
discussed later, the final phased array design was fatticafg® half of the power at the centre of each sub-array should

by TrackWise manufacturer and the phased array antenna ®@stowards the non-overlapping elements while a quarter of
installed at the avalanche test site at Valle'e de Lassiorlf® Power should go towards the non-overlapping elements.
Switzerland. Therefore, to achieve 3 dB power difference between the

overlapping and non-overlapping, the Diamond Two-in Two-
out power splitter was proposed. The Diamond Two-in Two-
C. radiating element design out power splitter is a composed of four parallel microstrip

The microstrip patch antenna structure was used as {f'Smission lines in series with ZO characteristic impeea
phased array antenna radiating element because of itsisimgfansmission lines in diamond orientation, see Fig. 7. The
ity and low-profile. The microstrip patch antennas also hayg@mond Two-in Two-out power splitier is a microstrip power
several disadvantages such as narrow bandwidth, spugieds fVider which has four ports and divides quarter of the input
radiation and fabrication tolerances. Therefore, to be abl POWer among its four points. Therefore,it can a.Iso be called
compensate for the aforementioned drawbacks a multilay#B Power divider. The main advantage of the Diamond Two-
phased array structure was proposed. This structure ¢endid Two-out splitter is that it has a simple structure andstess
of two double sided stacked substrates with a ground plaf§ MOt used in its structure in contrast to the existing pmit
in the middle. The top radiating elements and antenna feBgWer splitters such as Star Wilkinson power divider which
distribution network are mounted on 1.575 mm and 0.787 mis "éPorted in [20] . Using resistors may cause having high
thickness Rogers/Duriod 5880 substrates with 2.2 digtectPldelobe level and power loss.
constant and 0.009 loss tangent, respectively. The phassd a Assuming P is the total amount of power which travels
radiating elements are mounted on the thicker substratettwough the centre feed port, the half of the power goes tiirou
increase the patch antenna bandwidth, as the amount of patehnon-overlapping elements and it further splits to hadfa
antenna fringing field in E-field (x-y plane) is dependentloa t result, the expected S21 (i.e. centre feed port and eaclapver
ratio of length to substrate height of the patch (L/h) ana alping element) value is -6dB. Ultimately, 1/16 of the totaleo
the dielectric constant [22]. In other words the thick stdist reaches to each overlapping element. The diamond two-in two
extends the fringing field region. On the other side the feexit splitter has been designed both using lossy transmissio
network structure which will be discussed later was mountéide in CST and ideal transmission lines in MATLAB R2015a
on the thin substrate to avoid spurious feed network ramhati (Math Works,Inc.,Natick M, USA). The three- element phased
The corrugated patch antenna was designed for this applicatarray antenna using Diamond Two-in Two-out splitter and
to achieve the required 200 MHz bandwidth. In [23], the rigtthe corrugated patch antenna is shown in Fig. 8. This power
angle slots were placed at the non-radiating edges to e#tenddivider was designed based based on optimisation to achieve
operation bandwidth by exciting two orthogonal modes on thike required amount of power at each port of the power splitte
patch antenna. In this application a similar approach has berhen, after that to justify the behaviour of the proposed grow
used by inserting a very small corrugations at the non-tfkec splitter, it was mathematically analysed based on trarsaris
length of the antenna to slightly increase the bandwidtthef tlines equations which will be shown in Discussion section.
patch antenna. The dimensions of the corrugated patchramteAppendix B also represents the transmission line impedance
are shown in Fig. 6. of the feed network.



Fig. 8. Three element phased array antenna

E. Bandpass filter design

The parallel coupled lines can be used to easily construct
different types of microstrip filters. Generally, the coegbline
bandpass filters are used for applications which require I(%E&- 9r-] Slr&gle eleﬁf\ené ph«’:tljvedkarraé/ ?hntegnt? prot(_)t)t/pe- me Sr?owsd

. . . - he ased array reed network an e pottom picture | e ase!
than 204 bandwidth [18]. The coupled line filter structure |sarra5 fadiating Y emants P P
shown in Appendix A. In the first place, the microstrip couple

line bandpass filter was designed individually on 0.787 mm

Duriod 5880 by calculating the filter's parameters usindhfift —
order normalized Chebyshev g-values with 0.5 dB passband T ~olupn
ripple [18]. After that, the optimized coupled line bandpas i ]
filter was added to the feed point of the designed phased array Sy
antenna. The designed coupled line bandpass filter dimensio -
are shown in Appendix A. o

I
5 5.2 5.4
Frequency(GHz)

F. phased array antenna prototype

The single-element phased array antenna was fabricated-igsl0. Single phased array antenna simulation and measureoraparison
a prototype. The designed phased array antenna fabrication

was quite challenging as it was a multilayer structure and L .
-10 dB in simulation results. In the phased array antenna

all the layers had to bond together without any air g : s ¢
to avoid impedance mismatch. The phased array prototy%%s'gn solid pins were modelled to feed the patch antenmas vi

was fabricated in cooperation with the UCL workshop. Thkansmission lines, but as mentioned to fabricate the ghase
finished board consists of four layers produced by gluirfjT@ Prototype through plating technique was used, thesef
together two double-sided boards using LPKF "prepeg”, whidt Was required to fill all the through plate holes with soltier

is an adhesive loaded FR4 with 2x100 microns thickness ke the design similar to the original design. Howevenrpri

a laminating press. Then the board was subsequently drilf@gthat the antennd’; was measured to be able to see how
and copper-plated and then finally both outer layers paitbrr{T_‘UCh |t_ affects the return loss response. Fig. 10 compages th
by applying photoresist, UV-exposing a negative photo;filn?'mm?“.o” results and r_neasurement re;ults. As it can be see
developing the pattern and removing the unwanted copper BE" filling the hole_s W|th_solder there is up ward frequency
FeCl etching in a spray machine, see Fig. 9. After optimisir%:éﬁ_ compared to simulation results which can be due to the
the phased array antenna based on the prototype meas rication tollerances. Also, further investigation itssfaund
ments, it was deployed outside the bunker at Valle’e De ithe coupled I.|ne bgndpass filter response has also an upward
Sionne (VDLS), Switzerland. The phased array antenna wgduency shift which affected the phased array antennarret
installed outside the concrete wall of the bunker which w42SS response as was modified by shifting its centre frequenc

facing the mountain that was prone to avalanches and th@MHz downward with wider bandwidth to compensate for
radar transmitter was inside the bunker. An enclosure veas ajarication tolerances.
designed for the phased array antenna to be able to pratect it

B. phased array antenna radiation pattern

[1l. RESULTS L
The radiation pattern of the phased array antenna was

A. phased array antenna return loss measured in the UCL anechoic chamber. Fig. 11 indicates a
The simulated phased array antenna return loss is compatecthparison between the phased array simulation and mea-

to the measurement results. Fig. 10 illustrates that thglesinsurement results. It has been shown that the phased array

element of the phased array antenna has 400 MHz bandwidtitenna has a flat-topped directional radiation patterm wit
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Fig. 11. Three element phased array prototype centre eleadiation pattern
at 5.3 GHz,¢=0. The dashed line shows the measurement results and the s
line indicates the simulation result

S-parameter phase[degree]

Fig. 15. 16-element phased array pointing fo 0

I I I I I I
.2 5.22 5.24 5.26 5.28 5.3 5.32
Frequency(GHz)

Fig. 12. According to Appendix G521 and.S4; show that the overlapping
and non-overlapping elements are approximately in phase bymmax 10° IV. 16-ELEMENT PHASED ARRAY BEAM STEERING
difference.

The 16-element phased array antenna (see Fig. 14) was

-20.3 dB sidelobe level and 14.4 dBi gain in simulatioroptimised and designed based on the results achieved for a
The reflection observed in the measurement results is duestogle element prototype. The steering capability of thaseld
imperfect orientation of the anechoic chamber. array antenna was tested in CST by applying progressiveephas
shift to the 16-element phased array antenna elements. The
phased array antenna was nominally steered b and 14.
As Fig. 15 and Fig. 16 respectively indicate by pointing o 0

As mentioned in previous sections the phased the elnd 10 there is no grating lobe in the phased array field of
ments within the sub-arrays have to be in phase to avoiigw (+ 14°) as expected. As mentioned the grating lobes are
inconsistency in the array overall performance. As shown éxpected to appear at the far edge of the field of view, either
previous section the sub-array elements are approximataty-14 while pointing to +14. As Fig. 17 illustrates the by
in phase with 5 phase difference at most and exactly isteering the beam to +14legree, there is no grating lobe as
phase at 5.3 GHz centre frequency. Therefore, after addimgesult of using proposed overlapped subarray phased array
the Chebyshev coupled line bandpass filter to the antenea, With Diamond Two-in Two-out splitter. In this case, the gngt

effect of the filter on the sub-array elements phase matchilpe is appeared outside the visible region of the phasey arr
was investigated, see Fig. 12. As it can be realized the fiier

negligible effect on the phase matching. Fig. 13 also indika
that by using Diamond Two-in Two-out power splitter 3dP
power difference between overlapping and non-overlappil
elements is achieved.

C. phase matching

S-parameter [dB]

_ L L L L L I L L L
15.2 522 524 526 528 53 532 534 536 538 5.4

Fig. 13. According to Appendix C the magnitudes $f; and S41 show
that that there is 3dB power difference between the oveifgppnd non-
overlapping elements. Fig. 16. 16-element phased array pointing t¢ 10
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Fig. 17. 16-element phased array pointing t&® 14
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Fig. 18. Radar image of a large powder snow avalanche. Besigledmplex,

distributed target, a helicopter can be identified.

A. full-scale avalanche results

N
Time [s]

Port 4

Fig. 19. The equivalent circuit of the Diamond two-in two-qawer splitter.
The right circuit shows the equivalent circuit of the uppalflof the Diamond
splitter

V. DISCUSSION

—] A. diamond two-in two-out splitter mathematical analysis

The Diamond Two-in Two-out splitter behaviour has been

{{ mathematically analysed based on transmission line plegi

1 Fig. 19 indicates the equivalent circuit model of the Diawhon

H| Two-in Two-out power splitter. Assuming, the power splitte

1 is fed using a single AC power supply at one of the four ends
1 while the other ends are terminated to 80matched load.

1 Also, for ease of analysis the Z0 characteristic impedance
| transmission line is considered as two parallel 2Z0 and the
| junction between the transmission lines is considered dsho

The input impedance at nodel (Z1) is defined as shown in
Equation (4, 5 and 6), which is in parallel with ZO Thus,
the input impedance at the feed point can be determined
based on transmission line fundamentals as well as reftectio
and transmission coefficient, see Equation (7) Moreover, by
assuming PO and P1 is the amount of power which travels
through port2 and port3 respectively. The S-parameteregalu
can be determined as illustrated by Equation (8), Equa#idn (
and Equation(10).

The proposed 16-element phased array antenna was fabri-
cated and deployed at VDLS. Therefore,to show the function-
ality and the capability of the proposed phased array aatenn
to produce high resolution image of the snow avalanche,
the preliminary results from the large avalanche which was
artificially triggered triggered on 18th of January 2016 is
presented. The data processing steps which include chirp ex
traction, spectrum calculation and moving target ideratfan
(MTI) are described in detail in [24]. The MTI is shown
in dB normalized to the MTI background. The signature of
the moving helicopter as a point target is also captured by
the developed phased array system which confirms that the
proposed phased array antenna can be used for high resolutio
imaging. As Fig.18 illustrates, the phased array radaresyst
captures the full avalanche, which is a complex, distrithute
target directly from the release of an approximately 300 by
300 m snow slab. Although most of the dynamically important
flow features are obscured in the visual spectrum under a
massive powder snow cloud, the phased array radar system
directly images the denser flow features beneath it. Thexefo
16-element phased array FMCW radar gives a comprehensive
view with unprecedented spatio-temporal details into darg
mass movements.
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Fig. 20. The Diamond two-in two-out splitter s-parameter ogsie using Fig. 22. The Diamond two-in two-out splitter s-parameter oege using
1002 transmission lines. In this case all;, s2; andss3; are equal 15002 transmission lines.

C. Two-in Two-out splitter using lossy transmission lines

|
Q

N - In previous section analysis, lossless transmission liags
been considered for the Diamond two-in two-out splitteudh
to consider the transmission line and substrate losses the
- Diamond splitter has been designed and simulated in CST
PromLon 1ol g Wty 0° 0% 1 using 10® lossy microstrip transmission lines mounted on
Duriod 5880 substrate. This is to thoroughly comprehend the
actual behaviour of the power splitter in reality. As known
the length of the microstrip transmission line is an impoirta
factor in impedance matching. Therefore, by varying the
10002length from O to full-wavelengtiN) the optimum length
B. diamond two-in two-out splitter special cases of the transmission line can be achieved to deliver quarter
of the input power to each end of the power splitter and as
Fig. 23 illustrates to obtain approximately S11=S41=S31= -
In the previous section the Diamond Two-in Two-out powegdB the transmission lines lengtt) (should be 15 mm</<
splitter general response was discussed using transmigs&® 20 mm. The angle between the transmission lines of the
equations. Therefore, to validate the theoretical redhitse power Sp”tter may also have some effect on the S_parameter
different transmission line impedances were considereidtwhyg|yes. Therefore, by varying the angle between the2100
are 1002, 150 2 and 78Qand by varying the transmissiontransmission lines while their lengths are fixed, the effect
line Iength as a fraction of Wavelength the S-parameters HE the ang|e on S_parameter can be deduced. As F|g 24
obtained using Matlab software. In the case that the trasmiyree different Diamond dividers with different anglesvbe¢n
sion lines impedance is 10 the 511, 521 and.S3; values are  thejr transmission lines have been modelled. Thus, in tee ca
equal to 6.025 dB as expected and they are also independgRéren=51.252, 3=128.75 the S11, S4; andSs; values are
of the transmission line length and precisely the quarter prroximatively -6.26 dB, -6.24 dB and -6.34 dB respedjivel
the input power reaches to each end of the power splitter Fighross the whole bandwidth, see Fig.25. Moreover, where
20. However, there is a small variation in S-parameter ®lug=17.1¢ and $=162.897 the Si1, S; and S3; values are
(i.e. 511, S21 andSs;) when 782 and 1502 impedance values approximatively -6.4 dB, -6.3 dB and -6.15 dB, respectively
is used for the transmission lines which is obviously due g. 26. Ultimately, where there approximately°9between
impedance mismatch and the equivalent impedance of eachd transmission lines th®,,, S4; andSs; values are -7.1dB,
two parallel transmission lines are 89and 75 respectively. _6.4dB and -6.2 dB respectively, Fig. 27 As it can be realized
As Flg 21 illustrates th@ll value for 782 transmission lines from the results the lowest value 6&1 was achieved in the
varies between appl’oximately -4dB to -6 dB. As it can b@ase wheren andﬁ are equa' to 9‘0 in other words a$6’

realized at\/4 and 3\/2 is equal to -4 and at OV/2 and\ is  decreases thes;; also decreases and more amount of the
-6 dB. Also, the S21 value is approximately -6 dB along thgower reflects back.

wavelength and the&s; value also fluctuates between -6 dB

to -8.5 dB. In this case at/4 and 3\/2 the S3; value is equal

to -8.5 dB and at 0A/2 and ) is equal to -6dB. Moreover, in V1. CONCLUSIONS

the case where 15Dtransmission lines are used, as Fig. 22 A phased array FMCW radar system has been described
illustrates, theS;; value fluctuates between the -3 dB to -6 dBbased on a fully populated, regularly spaced phased array
and at)\/4 and 3\/2the s;; value is -3dB and at 0)/2 andA antenna using an overlapped sub-array technique to achieve
is -6d B. Also theSy; value is approximately -6dB along thespatial anti-alias filtering. This technique allows supsien
wavelength, however, th&s; value fluctuates between -6 dBof grating lobes by means of a sub-array width that exceeds
to -11 dB. So, as it can be realized thg, value atA\/4 and its spacing, hence resulting in a disproportionally nagow
3\2 is -11 dB while at 0\/2 and X is -6dB. According to beamwidth. In addition, power distribution network which
above discussion and the FMCW radar required specificatiarmnsists of a Two-in Two-out power splitter which has four
the Two-in Two-out power splitter with 10D transmission ports to divide quarter of the power equally among the ports
lines were used to be able to uniformly distribute power toas been developed. The power is divided equally by using
the each port of the splitter. four of two-parallel 10Q transmission lines in series with

|
@

S-parameter{dB]
2

|
%

0.1 0.2

Fig. 21. The Diamond two-in two-out splitter s-parameter ogse using
780 transmission lines.
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Fig. 23. S-parameter response of the diamond power splitter3@Hz by
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Fig. 24. Two-in two-out splitter with different angles beten transmis-
sion lines.ax=17.10, 8=162.897 b)a=51.252, 5=128.75% c)a=84.52,
£=95.46

Fig. 25.
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Fig. 27. S-parameter values of the case wherg=90 °
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Fig. 28. This picture indicates the feed network transmisiice impedances.
In this design the 3%2 and 712 transmission lines are gquarter-wavelength.

Fig. 29. Above picture indicates the phased array ports

achieved in both simulation and measurement indicate the
potential of producing high resolution, unambiguous image
of snow avalanches. It is expected that the techniques unsed i
this work will have a range of wider applications

APPENDIXA
PHASED ARRAY FEED NETWORK

Fig. 28 indicates the transmission line impedances of the
phased array feed network.

APPENDIXB
PHASED ARRAY PORTS

Fig. 29 indicates the phased array feed network ports used
to determine phases.
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