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infinite array scans to # = 45° in the E-, H-, and D-planes across a
13.3 : 1 bandwidth (VVSW IR < 3). The design was validated through
extensive measurements of a fabricated 8 x 8 prototype array.
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Excitation Control Method for a Low Sidelobe SIW Series
Slot Array Antenna With 45° Linear Polarization

Dong-yeon Kim and Sangwook Nam

Abstract—A sidelobe suppression method for a series slot array antenna
which radiates 45°-inclined linear polarization is proposed. Axial displace-
ments are employed to create arbitrary excitation coefficients for individual
centered-inclined radiating slots along the center line of a broad wall. To
verify the proposed design method, we design two types of center-fed linear
slot array antennas with a Dolph-Chebyshev distribution for —20 dB and
—26 dB sidelobe levels (SLLs) in the Ka band. Furthermore, a cross-valida-
tion process involving an equivalent circuit model analysis and electromag-
netic full-wave simulation using CST MWS is utilized. The entire structure
of the proposed series slot array antenna is fabricated on printed circuit
boards (PCBs), including drilling and chemical etching, to secure advan-
tages of miniaturization and cost reduction. The measured realized gains
are 15.17 and 15.95 dBi and SLLs are —18.7 and -22.5 dB respectively for
two types of fabricated antennas. It demonstrates the validity of the pro-
posed sidelobe suppression method.

Index Terms—45 degree linear polarization, millimeter wave antenna,
sidelobe suppression, slot array antenna, substrate integrated waveguide.

I. INTRODUCTION

Waveguide-fed slot array antennas are quite suitable for mil-
limeter-wave radiating systems that require not only high gain,
efficiency, and a robust structure but also low cross-polarization and
sidelobe levels (SLLs). Despite the above advantages, three-dimen-
sional metallic waveguide slot array antennas are associated with
massive volumes, complex manufacturing, and a high cost. Recently,
alternative solutions for efficient millimeter-wave antenna manufac-
turing processes have been studied, such as a “laminated waveguide”
or a “substrate integrated waveguide” (SIW) with low conduction
and radiation losses[1], [2], [3]. Owing to their simple manufacturing
process, involving only drilling and chemical etching on a general
printed circuit board (PCBs), low-cost, simply fabricated, and light-
weight features are possible. Furthermore, SIW transmission lines
are especially compatible with complex feeding networks compared
to conventional microstrip transmission lines for millimeter-wave
antenna systems due to their low radiation leakage, which typically
deteriorates their inherent radiation characteristics. As a result, many
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recent studies of SIW slot array antenna designs have been conducted
[41-191.

Slot array antennas with highly accurate 45°—inclined linear polar-
ization (LP) are promising candidates for collision avoidance systems
as well as dual-polarized radar systems. In these antennas, lower SLLs
and higher cross-polarization discrimination (XPD) should be imposed
for compatibility against the surrounding electromagnetic (EM) envi-
ronment effect, such as ghost effects. The SLLs of conventional reso-
nant (i.e., resonantly spaced with a half guided-wavelength) shunt and
series slot array antennas can be suppressed by the excitation control
using the offsets and tilt angles of every slot because the self-conduc-
tance and -resistance of individual shunt and series resonant slots are
the function of offsets and tilt angles, respectively [11], [12].

In contrast with the conventional SLL suppression method for the
radiating elements having resonant length, we propose the SLL sup-
pression method based on a uniform series slot array antenna suggested
in [8] by the authors using axial displacements for inductively and ca-
pacitively loaded slots along the center line of a broad wall. The axial
displacements control the mode currents on reactively loaded radiating
slots, allowing arbitrary excitation coefficients to be determined. As a
conventional structure for a uniform 45°—inclined LP, a previously sug-
gested resonantly excited series slot array antenna which has a constant
slot spacing distance with a half guided-wavelength is considered in the
application of the axial displacement parameters. Also, the validity of
the proposed method is evaluated from the calculation results using an
equivalent circuit analysis and a commercially available full-wave EM
simulation (CST MWS) [13]. Two types of low SLL linear slot array
antennas with Dolph-Chebyshev polynomials for —20 dB and —26 dB
SLLs are designed and evaluated in terms of the measured electrical
performances of the reflection coefficients, realized gains, XPDs, and
SLLs.

II. ANTENNA STRUCTURE FOR SIDELOBE SUPPRESSION

A conventional uniform linear series slot array antenna is shown in
Fig. 1(a). In this antenna, 16 centered-inclined radiating slots (i.e., 8 al-
ternating reactance slot pairs) are separated with the half guided-wave-
length of a radiating SIW as a resonantly excited feature. As a result,
these radiating units ensure stable radiation characteristics without any
grating lobes in the longitudinal direction (zx plane). In addition, the
symmetric radiation patterns can be guaranteed due to their center-fed
structure from a series-to-series coupling slot that is located between a
radiating and a feeding SIW, as shown in Fig. 1[8, Fig. 5].

The excitation coefficient design starts from a conventional uniform
linear slot array antenna [Fig. 1(a)] using the axial displacements along
the longitudinal axis (x—axis) of a radiating SIW, as shown in Fig. 1(b).
Eight resonantly spaced radiating slots on the left side of a radiating
SIW are numbered from the shorted end to the center of a series-to-se-
ries coupling slot location. Furthermore, the axial displacements are
set for the inductive (even 7) and capacitive (odd n) slots with inward
and outward directions of (w2, ¢4, we, ws) and (x1. x3, x5, x7), respec-
tively, from the resonantly excited positions. All of these displacement
values are symmetric with respect to the center of the antenna.

In our research, two types of PCBs with the same dielectric con-
stant of 3.5 are used for a radiating and a feeding SIW with different
thicknesses of 1.52 mm and 0.75 mm, respectively. They are precisely
aligned using adhesive film with a dielectric constant of 2.35 and a
thickness of 38 pm. In order to construct the SIW transmission line
as a perfectly electric side wall, metallic via arrays are periodically ar-
ranged with a diameter of 0.4 mm and a spacing of 0.7 mm for both
the radiating and feeding SIW. These blind vias of a multi-layered an-
tenna structure are constructed using sequential lamination method to
develop SIW transmission lines. Also, the width of these SIWs is set
to 3.44 mm, making the guided-wavelength (A ) therefore 6.8 mm.
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Fig. 1. SIW linear slot array antenna structures (a) for a uniform field distribu-
tion [8] and (b) for arbitrary excitation coefficients using axial displacements
(from 2, to xg). In this case, the axial displacements are employed just
for inductive radiating slots (:r2,174,,167.1‘8) not capacitive radiating slots
(x1. 23,45, %7). (c) Side view.

As a result, the fundamental TE o mode at an operating frequency of
35 GHz is able to propagate along the SIW transmission line above a
cut-off frequency of 25.06 GHz without any higher-order modes.

III. EXCITATION CONTROL METHOD FOR A LOW SIDELOBE

The centered-inclined radiating slot is modeled as series-connected
impedance, which can be extracted using the s-parameters from a two-
port network with respect to variation in the length (/) and tilt angle
(fn ) [10]. Before the axial displacements are set for the radiating slots,
the slot length of an alternating reactance slot pair as a radiating unit
should be determined for a uniform field distribution and for input
impedance matching. In order to determine the length of an alternating
reactance slot pair more precisely, an equation for the slot voltage is
required. This is shown below [12]:

73 Zn ot IVL
V) =

Ei- fonidn)’ M

Here, z,, is the normalized self-impedance of the radiating slot, I, is
the mode current, and K'; and f can be obtained from (5) to (7) as given
in earlier work [12]. In our research, the tilt angle of the centered-in-
clined radiating slot is fixed at = /4 for 45°—inclined linear polarization.
Moreover, the length of the inductive (i) and capacitive (I.. ) radiating
slots as an alternating reactance slot pair should be obtained from the
condition of |V;*| = |V77| for a uniform distribution. The phase differ-
ence between these two resonantly spaced radiating slots is also deter-
mined by their own self-impedances, because the mode currents that
flow through these series slots are common except for the alternation
of their signs [8], [9].
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Fig. 2. Equivalent rectangular waveguide slot array model with axial displace-
ments on each radiating slots and its transmission line circuit model.

After the uniform linear slot array antenna is designed, the excitation
coefficients between adjacent radiating slots can be determined by the
mode current ratio using axial displacement.
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Because the self-impedances (z, and #,4 ) and length (., and I,, )
of the slots are already set for a uniform field distribution from (1),
the term in the brackets in (2) is unity. Therefore, the mode current
expression is required as a function of the axial displacement to for-
mulate an arbitrary field distribution for low sidelobes. Theoretically,
the resonant radiating slots are excited by the maximum currents on the
broad wall of the conventional series slot array antenna and the excita-
tion coefficients are determined by the tilt angle [12]. In contrast with
the conventional series slot array antenna, the proposed series antenna
is composed of the non-resonant radiating slots for 45°—inclined LP.
When axial displacements are employed on the non-resonant radiating
slots, more power can be radiated than they are excited at the original
position since the maximally excited current positions inside the ra-
diating waveguide are changed by their series connected inductive or
capacitive reactance.

Fig. 2 shows the equivalent radiating RWG for the left side of the
proposed center-fed linear slot array antenna and its equivalent cir-
cuit below. There are four alternating reactance slot pairs with axial
displacements () along the center line of a broad wall. Once the
axial displacements are applied to each radiating slots, the length of
the transmission lines between adjacent series-connected impedances
are changed, as shown in Fig. 2. When we know the inductive and ca-
pacitive self-impedances of an alternating reactance slot pair, the total
input impedance looking from the 8th radiating slot toward the shorted
end can be calculated using an impedance recursive formula as a func-
tion of the axial displacement:

Lot

zi + jtan [Fio (d — 1))

Flleft =

_tot 't:zoll,[cj't +jtan [Bio (d+ (=1)" - up_1)]

Fadefe = Bt 1+ jlf,,oil,quz <tan [Fro (d+ (=1)" - wp—_1)]
forn=23,.... 3)
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In this equation, 3¢ is the propagation constant of the fundamental
TE 10 mode for a given radiating SIW and d = A, /2 is set for 3.4 mm
at an operating frequency of 35 GHz. Also, the index ur, = @n—1 +
&y represents the length variation of each transmission line between
neighboring radiating slots due to the axial displacement.

The mode currents of each series slot module can be defined by the
following recursive formula, see (4) at the bottom of the following
page, where Iy is the input current coupled from a series-to-series cou-
pling slot. The impedance and current recursive formulas can be also
employed for the right side of a radiating SIW due to their symmetric
feature with respect to the center of an antenna, the location of the se-
ries-to-series coupling slot. Finally, substitution of (3) and (4) into (1)
yields the magnitudes and phases of the slot voltages applied by the
axial displacements.

Meanwhile, the magnitude and phase difference effects of radiating
electric fields with respect to the direction of the axial displacements
for inductive [xs (for slot #8, 9)] and capacitive slots [z7 (for slot
#7, 10)] are investigated using an EM full-wave simulator, CST MWS
and equivalent circuit analysis. At this point, the remaining radiating
slots are resonantly excited with one-half guided-wavelength spacing.
In order to identify the near-field distribution generated by the radiating
slots, we set a tracking line 1 mm above a broad wall along the center
line of a radiating SIW (2:—axis).

As a first example, the single-axial displacement of s for only the
two inductive radiating slots of #8 and #9 are adjusted with random
values of 0.7 mm. In this case, the positive sign indicates that the
axial displacement of s moves toward a coupling slot. When a posi-
tive xs is employed, the magnitudes of the inductive slot voltages are
increased until they are nearly double the values of other values, as
shown in Fig. 3(a). In addition, the phases of their electric fields ap-
proach the phases of the capacitive radiating slots. It is important to
note that the centered axial displacements scarcely affect the field dis-
tribution of the remaining radiating slots. On the other hand, when two
inductive slots move toward both ends of the radiating SIW, the magni-
tudes of their electric fields are inversely proportional to the remaining
slots and the phase differences with the neighboring capacitive slots
(slot #7 and #10) are increased considerably. Therefore, the axial dis-
placement for the inductive slots should be employed toward the center
of a linear slot array antenna in order to realize a tapered distribution
and a decreased phase difference at the same time.

As the next example, axial displacement of #:7 is applied for only two
capacitive radiating slots, slots #7 and #10, simultaneously. The posi-
tive sign for 7 means that the capacitive slots are moving toward both
ends of a radiating SIW. Regarding the magnitudes of the radiated elec-
tric fields, there is an insufficient distribution to suppress the sidelobes,
especially in the case of negative axial displacement. In addition, for
the phase difference, it is obvious that the phase difference as regards
the neighboring inductive radiating slots (slots #8 and #9) increases to
more than 40° regardless of the direction of the axial displacement.
Consequently, it is suitable and highly advantageous to apply the axial
displacement only for the inductive radiating slots associated with the
magnitude and phase distribution. From the viewpoint of phase, the

Iy

Iy =

cos [B1o (d — xs)] + j:;"’f@f, - sin [F10 (d — ws)]

In+|

forn="1,6,...1

~ cos [/310 (d — (_1,)n ' “nJrl)] +J.Zl:z,o.?«,,ft - sin [310 (d— (_1)71 ' un+l)]

“4)
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Fig. 3. The magnitude and phase variation of radiating electric fields with re-
spect to the direction of axial displacements for (a) inductive (slots #8 and #9)
and (b) capacitive (slots #7 and #10) radiating slots, respectively. For the veri-
fication, the calculated results from recursive formulas are depicted.

properly increased distance between reactively loaded radiating slots
compensates their phase difference compared with the spacing of one-
half guided-wavelength.

IV. DESIGN PROCEDURE FOR EXCITATION CONTROL

We realize a Dolph-Chebyshev distribution for —20 dB and —26 dB
sidelobes using the proposed axial displacement scheme. As mentioned
in the previous section, the tapered excitation coefficients can be easily
controlled by the axial displacement for inductive radiating slots. In
order to fit into a smoothly decreasing curve such as a cosine function,
the axial displacements are successively adopted from the center of a
linear slot array antenna, as shown in Fig. 4.

When the axial displacement of xz = (0.2 mm is employed for radi-
ating slots #8 and #9, the magnitudes and phase differences are tapered
and reduced, respectively. On the other hand, the others are conserved
in the form of a uniform field distribution, as shown in Fig. 4(a). The
next step is to set the axial displacements of xs and x4 sequentially
at 0.25 mm and 0.8 mm, respectively. As depicted in Fig. 4(b) and
(c), the tapered excitation coefficients can be controlled independently
from slots #4 to #13, except for the remaining respective three radiating
slots located in both shorted walls.
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Fig. 4. The slot voltage characteristics according to the progressive axial
displacement variations. The calculated results from the equivalent circuit are
shown with EM results.

The inversely proportional excitation coefficient is required for
—20 dB SLL for the precise design of the excitation coefficients,



IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 61, NO. 11, NOVEMBER 2013

o 12 E T T T T T T T v T T T T T

-5 ]

2 1.04 A

08 ]

£ 06] ]

°

8 04 ]

‘S T = = = -20dB Dolph-Chebyshev polynomials ]

e 0.2 = EM result (45 deg-inclined) |

g 0.0 ] 1 * C.:"’llc“‘latior.1 1 1 1 ]
-28 -21 -14 -7 0 g 14 21 28

Location (mm)

/&;) 30 T T T T T T T

2

o

»

©

£

S

]

9]

N

g ———EM result (45 deg-inclined)

g _90 1 * ?ak:u}atlol;l 1 " 1 " 1

-28 -21 -14 -7 0 i 14 21 28
Location (mm)

)
©°
2 1.0 4 -
5 08 ] ]
£ 06 ] ]
el
N 04 ]
T : = =-26 dB Dolph-Chebyshev polynomials
£ 0.2 === EM result (45 deg-inclined)
2 00 L 1 n * C.alc“"lahoq " 1 n 1 n 1 n
-28 -21 -14 -7 0 7 14 21 28
Location (mm)
/&):) 30 T T T T T
i
o 0 _
7]
®©
e o
Qo -30
°
(0]
2 60
© 7 === EM result (45 deg-inclined) 7
3 X Calculation
ZO -90 1 N 1 1 " 1 " 1
-20 -10 0 10 20

Location (mm)

®)

Fig. 5. Excitation coefficient design results for (a) —20 dB and (b) —26 dB,
respectively, with electric field distribution (£, ) inside a radiating SIW.

TABLE I
THE DESIGN PARAMETERS AND OPTIMIZED VALUES

X7 X2 X3
Axial displacements 0.8* O** 0* 0.4%* 0
Value X4 X5 X6 X7 X3
0.8 0 0.25 0 0.2
Radiating slot Inductive slot Capacitive slot )
lengf;l i P 0 Slot width
Value 2.24 3.58 0.4
Coupling slot Tilt angle Slot length Slot width
Value 15° 2.33 0.7

(Units: mm)
(* for —20 dB and ** for —26 dB SLL)
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Fig. 6. The reflection coefficients and realized gain results with fabricated an-
tenna pictures of (a) —20 dB SLL and (b) —26 dB SLL slot array antennas,
respectively.

especially for the last two radiating slots, slots #1 and #16. Therefore,
the capacitive slots #1 and #16 inevitably move in a positive direction
(i.e., #; = 0.8 mm) without any movement of x2, whereas the —26
dB SLL is relatively easy to design due to the gradually decreasing
feature in this case. Hence, x2 is set to 0.4 mm without any capacitive
axial displacement. In addition, we calculate the slot voltages using an
equivalent circuit model and compare the results to the EM simulation
results, as shown in Fig. 5. The calculated voltage of capacitive slot
#7 is slightly lower than the simulated result. Nevertheless, the error is
hardly affects SLLs because of insignificant amount of error. The axial
displacement amounts as well as the other design parameters, such as
the length of the radiating slots and the series-to-series coupling slot,
are listed in Table I with their optimized values.

V. MEASURED RESULTS

The proposed design method for low SLL slot array antennas is
verified from measurements of the reflection coefficient, realized
gain, SLL, and XPD. The proposed antennas are fed from a wideband
coax-to-SIW transition to provide the input power without any ex-
ternal electromagnetic coupling noise [9]. The reflection coefficients
are measured using the N5230A network analyzer of Agilent Tech-
nologies. These are shown in Fig. 6 with the simulation results. The
measured impedance bandwidths of the two types of SLLs respec-
tively ranged from 34.36 to 35.04 GHz (Fig. 6(a)) and from 34.88 to
35.48 GHz (Fig. 6(b)) with a VSWR of less than 2:1 for the two cases.
The measured center frequency of —20 dB SLL slot array antenna is
slightly changed from 34.93 GHz to 34.7 GHz with 0.66% frequency
shift error and the reflection is somewhat increased from —27 dB to
—18 dB. This discrepancy is mainly due to etching error and thus the
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Fig. 7. The measured radiation patterns (zx plane) with calculated array factor
and full-wave simulation results for 45° —inclined LP of two types of linear array
antennas. (a) —20 dB SLL, (b) —26 dB SLL.

TABLE 11
RADIATION CHARACTERISTICS FOR TWO TYPES OF ANTENNAS
Antenna type & SLL(B) | XPD(B) | Gain(dBi)
Frequency

20dR 34.75 GHz —18.7 -26.92 15.17
Antenna 35.0 GHz —16.6 —23.46 13.05
35.25 GHz —15.6 -23.99 13.11
34.75 GHz -21.9 -28.39 14.64

Iiife;]fa 35.0 GHz —22.5 —29.64 15
35.25 GHz -20.2 -23.41 15.95

post-fabrication simulation was conducted with 20 pm over-etched
radiating and coupling slots for the proposed —20 dB SLL slot array
antenna. As a result, the similar result with measured reflection coef-
ficient was obtained for resonant frequency and reflection as shown
in Fig. 6(a). Meanwhile, the measured resonant frequency of 35 GHz
for —26 dB SLL slot array antenna in Fig. 6(b) shows similar tendency
with simulation, even if there are some differences at lower frequency
range.

The realized gain and radiation patterns are depicted in Figs. 6 and
7. The peak gains are 15.17 dBi at 34.75 GHz and 15.95 dBi at 35 GHz
for the 20 dB and —26 dB SLL array antennas, respectively. Addition-
ally, the proposed antennas show the high efficient radiation character-
istics with the total efficiencies of 72.57% and 78.66%, respectively, at
the center frequency of 35 GHz. Meanwhile, the calculated array fac-
tors using the calculated slot voltages presented in Fig. 5(a) and (b) are
compared with the radiation patterns of CST MWS in Fig. 7. It is found
that these calculated and the simulated results are well matched each
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other. Furthermore, even though there are phase variations about 27°
and 15° among radiating elements for two types of antennas, respec-
tively, the intended SLLs can be successfully realized. The measured
SLLs are obtained with slightly increased levels of —18.7 dB and —22.5
dB, respectively, and the frequency variations of SLL are summarized
in Table II including XPD and realized gain.

It is found that the x—directed electric currents on both long edges
of'a narrow upper metal plate are strongly induced from main radiating
slots and ultimately increase cross-polarization levels. In addition, the
diffracted and re-radiated fields from a protruded part of a lower PCB
and a coaxial cable for measurement also increase the cross-polar-
ization level, respectively. However, the optimum width of the upper
metal plate can be obtained from full-wave EM simulation and is set
for 80 mm (= w in Fig. 1(b)) to suppress the cross-polarization. As a
result, the lower cross-polarization levels of the proposed antennas are
detected respectively as —26.92 dB and —29.64 dB at the boresight.

VI. CONCLUSIONS

An excitation control method for a series slot array antenna gener-
ating 45° linear polarization is proposed. With the use of axial dis-
placement on each radiating slot along the center line of a broad wall
of a SIW, the mode currents on each radiating slot can be controlled,
which allows the arbitrary excitation coefficients to be determined. In
addition, —20 dB and —26 dB linear slot array antennas are designed and
fabricated for verification. It is expected that the proposed low sidelobe
level design method for series slot array antennas can help one realize
arbitrary radiation of 45° —inclined linear polarization.
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