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Abstract — Exploring the multifunctional array antenna suitable for complex communication environment has
very important research value. In this paper, a millimeter wave (mm-wave) double longitudinal sawtooth slot array
antenna (DLSA) based on substrate integrated waveguide (SIW) technology is proposed, which has wideband, high-
gain and novel beam characteristics. Two irregular longitudinal slots are etched on the SIW conductor surface as the
radiation structure. To improve the bandwidth of the DLSA, the metallized vias are added at the transition point of
the slots to construct multiple resonant frequency points. By adjusting the size of the slots and the position of the
metallized vias, the phase constant can be regulated, and the unusual beam characteristics can be obtained. That is
to say, in the lower frequency band, the beam pointing angle increases with frequency. In the higher frequency band,
the beam pointing angle is maintained at a fixed angle. Finally, to improve the antenna gain, a 16 x 8 DLSA is fab-
ricated, measured and discussed. The proposed antenna has an impedance matching bandwidth close to 9.7 GHaz.
From 27 to 33 GHz, the beam pointing angle changes from 8° to 29°. From 33 to 37 GHz, the beam pointing angle
is fixed at 29°, and the pointing angle error range is +1°. In addition, the measured maximum gain is 22.9 dBi at
32 GHz.
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I. Introduction

For the application of some special communication
service environment, such as navigation, positioning and
target monitoring, frequency-scanning antenna has the
unique advantages of low cost, stability and reliability.

The beam pointing angle of the traditional frequen-
cy scanning antenna changes with the frequency [1]-[13]
and the beam scanning can be realized without addition-
al feeding network. It has the advantages of low loss and
low design complexity. Notably, most communication
systems realize wireless communication in a predetermined
frequency band, and the beam pointing angle of the an-
tenna needs to be fixed at an exact angle to achieve the
point-to-point wireless communication [14]-[17]. However,
the inherent dispersion of frequency-scanning antenna

brings frequency-dependent beam scanning property,
which is not applicable in conventional communication
scenarios. To solve this problem, some scholars add ac-
tive devices or dispersion compensation structure on the
basis of the traditional frequency-scanning antenna, and
adjust its effective phase constant to realize a fixed fre-
quency beam-scanning array antenna [18]-[22] and fixed
beam array antenna [23], [24]. However, the introduction
of active devices will increase the loss of the antenna
system, and the dispersion compensation structure will
increase the size and complexity of the antenna.

With the emergence of a large number of wireless
devices and wireless applications, the intertwined com-
munication environment urgently requires the array an-
tenna to have an integrated and versatile function. Un-
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fortunately, most of the array antennas can only achieve
a single beam characteristic of the fixed-beam or the fre-
quency-scanning beam, there are fewer array antennas
with two kinds of beam characteristics.

To deal with the complex communication environ-
ment, which needs two kinds of beam characteristics at
the same time and relieve the pressure of limited space
for loadable wireless communication equipment, a novel
millimeter wave (mm-wave) double longitudinal sawtooth
slot array antenna (DLSA) is presented in this paper.
The proposed antenna can be applied to places where a
variety of complex communication environments coexist,
as shown in Figure 1. The proposed antenna has the fea-
ture of frequency-scanning in the lower frequency band,
and can be used in traffic monitoring and communica-
tion of people and vehicles. In the higher frequency band,
it can meet the wireless communication in some fixed
equipment, e.g. autostereoscopic display on the roadside
and large-scale display equipment. The advantage is that
one antenna can be used in multiple communication en-
vironments, relieving the pressure of limited space for
loadable wireless communication devices.

I Antenna

-

Figure 1 Communication environment of the proposed antenna.

The main contributions of this work are as follows:

1) The DLSA is proposed and analyzed.

2) This DLSA has a novel beam characteristic. That
is, in the lower frequency band, the beam pointing angle
changes linearly with the frequency; In the higher fre-
quency band, the beam pointing angle hardly changes
with frequency, pointing to a fixed angle.

The remainder of this paper is organized as follows.
The principle and parameter analysis of the proposed ar-
ray antenna are given in Section II. Section III presents
the fabrication prototypes, measured and discussion re-
sults of the proposed antenna. And Section IV concludes
this paper.

II. Antenna Design and Principle Analysis

Figure 2 illustrates the proposed 1 x 2 double longi-
tudinal sawtooth slot array antenna. The radiation struc-
ture of the DLSA is constructed by etching two irregular
longitudinal slots on the surface of substrate integrated
waveguide (SIW) with thickness of 0.508 mm and the
dielectric constant is 2.2. A metalized via is added at the
transition line of the slot element to adjust the imped-
ance matching of the antenna.
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Figure 2 Geometry of the 1 X 2 DLSA. (a) Top view. (b) 3D view.

For the slot array antenna arranged along the z di-
rection, as shown in Figure 3(a). Because the excitation
currents of the two slot elements are reversed, which
means that the phase difference between the slot ele-
ments is 180°, a dual-beam radiation pattern will be pro-
duced, as shown in Figure 3(b).
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Figure 3 (a) Traditional double longitudinal slot array antenna.
(b) E-plane radiation pattern.

In our work, by etching sawtooth slots on the sur-
face of SIW and adding metallized vias in the transition
line, the electric field mode and the surface current of
cutting slot element can be changed. The electric field
mode in SIW is changed from cylindrical distribution to
sawtooth distribution, as shown in Figure 4(a).
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Figure 4 1 x 2 DLSA (a) Electric field amplitude distribution at 30
GHz. (b) Surface current distribution. (c) Radiation pattern.

The desired current distribution can be generated,
as shown in Figure 4(b). Such a current distribution can
ensure that the slot elements along the z direction have
the same phase current excitation. The adjacent current
along the y direction is also in the same direction, but
there is a small angle phase difference, which makes the
beam tilt along the broadside direction. That is to say,
the 1 x 2 DLSA can produce a single beam, the cross



A Wideband High-Gain Sawtooth Slot Array Antenna with Frequency-Scanning at Lower Frequency and... 465

section radiation pattern along the z direction will not
produce dual-beam phenomenon. Because there is a lit-
tle excitation phase difference between the adjacent ele-
ments along the y direction, the cross section radiation
pattern along the y direction will produce a single beam
deviating from the broadside direction, as illustrated in
Figure 4(c).

1. Wideband characteristics

Figure 5 shows three different sizes of the DLSAs,
namely the 1 x 2 DLSA, the 1 x 4 DLSA and the 1 x 8
DLSA. Notably, the SIW width of the three DLSAs is ay,
the length of the first metal patch and the last metal
patch of the three DLSAs are ai4 and as, respectively,
and the length of all the remaining patches are aig9. The

Table 1 Dimensions of the antennas (Unit: mm)
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Figure 5 Different sizes of the DLSAs.

detailed parameters of the three different sizes of DLSAs
are listed in Table 1.

Parameters ag ai az as a4 as ag ar
Value 5.00 2.94 0.35 1.25 0.40 4.60 0.35 1.25
Parameters as ag aio all ai2 a3 a4 ais
Value 1.78 1.78 0.36 1.78 1.26 0.65 4.00 1.14
Parameters aie air ailg aig a0 a21 az2 a23
Value 0.92 0.92 0.67 4.8 1.33 1.07 1.01 0.57
Parameters az4 azs a26 a7 azg a29 - -
Value 1.23 1.36 1.36 0.76 1.26 0.78 - -

Figure 6 shows the reflection coefficients for four dif-
ferent sizes of the DLSAs, and their impedance match-
ing bandwidth (S7; < —10 dB) are 22.7% @30 GHz, 27.5%
@30 GHz, 44.8% @30 GHz and 45.2% @30 GHz, respec-
tively. As the size of the array antenna increases, the
impedance matching bandwidth is also increasing. It is
worth noting that the bandwidth of the 1 x 16 DLSA is
not significantly improved compared to the 1 x 8 DLSA.
Their impedance matching bandwidth is controlled by
the adjustment capabilities of the slots and metallized
vias.

Reflection coefficient (dB)

0r = 2 elements !
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----8 elements | 37.5
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24 26 28 30 32 34 36 38 40 42
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Figure 6 Reflection coefficients for different elements of the

DLSAs.

2. Beam characteristics

Figure 7 shows the H-plane radiation patterns of the
1 x 8 DLSA. The minimum gain is 12.7 dBi at 34 GHz,

and the maximum gain is 14.9 dBi at 37 GHz. It is
worth noting that from 26 to 33 GHz, the beam point-
ing angle increases with frequency and the beam point-
ing angles are 4°, 8°, 13°, 17°, 21°, 24° 27° and 29° re-
spectively. However, from 33 to 38 GHz, the beam point-
ing angle is a fixed angle 29°, and the beam pointing an-
gle error range is +1°. The pointing angle, gain, side-
lobe level and radiation efficiency of the 1 x 8 DLSA are
listed in Table 2.

Figure 8 shows the approximate equivalent circuit of
the 1 x 8 DLSA. The top and the bottom conductors of
the SIW are equivalent to two transmission lines with se-
ries inductance Lt and the shunt capacitance Ct. The
two rows of metallized vias are equivalent to the shunt
inductance Lt2. The metalized vias at the transition line
are equivalent to the shunt inductance Ly; (i =1,2,...,
7). The metal patches between the slots are equivalent to
the series inductance Lp; (i = 1,2,...,8). The slot element
is equivalent to the shunt capacitance C; (i =1,2,...,
8). R is radiation resistance.

According to [25], the phase constant can be ob-
tained by the impedance Z of the series stub and the ad-
mittance Y of the shunt stub.

y=a+jB=VZY (1)

When the loss « is not considered, the phase con-
stant can be determined by the capacitance and induc-
tance, as shown in (2).
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Figure 7 H-plane radiation patterns of the 1 x 8 DLSA. (a) Main polarization. (b) Cross-polarization.

Table 2 Performance of the 1 x 8 DLSA

Frequency (GHz) 26 28 30 32 34 36 38
Pointing angle (°) 4 13 21 27 29 28 30
Gain (dB) 12.72 13.54 13.85 13.73 12.62 13.87 14.66
Sidelobe level (dB) —18.4 —9.0 —10.5 —14.4 —17.3 —16.0 —9.2
Radiation efficiency (%) 97.2 98.0 98.5 99.0 99.2 98.9 96.0
. 1 . 1
B=y/{jwlr + - jwCr + - (2)
jwCs jwLc

11 1 1 1 1 1 1
L¢™ Lr2 + Ly + L2 + Lys + Lyy + Lys + Lye +

L%, Ly=Lrt1 + Lpy + Lpa + Lp3 + Lpg + Lps + Lps +
Lp7 + Lpg, Cr=CT + C; + Co + C3 + Cy + C5 +
Cs + C7 + Cs.

Because the proposed DLSA is a single-port non-pe-
riodic structure, and the phase constant curve cannot be
obtained by S-parameters. The relationship curve be-
tween the beam pointing angle # and the frequency can
be obtained by fitting the sampling points, which is
shown in Figure 9(a). The relationship curve between
phase constant 8 and frequency can be calculated by (3),
which is drawn in Figure 9(b). In addition, the calculat-
ed phase constant curve are given in Figure 9(b).

where

6 = arcsin (3/ko) (3)

where kg is the free space wave number.

Module 1

Module 2

Figure 8 Approximate equivalent circuit of the 1 x 8 DLSA.

From 24 to 33 GHz, the relationship curve between
phase constant and frequency is approximately linear.
From 33 to 38 GHz, the phase constant basically does
not change with frequency, showing a flat distribution.
The impedance Z and admittance can be regulated by
the sawtooth slots and the metallized vias. Therefore, by
adjusting the slots width and the position of the metal-
ized vias to make the phase constant equation meet the
curve shown in Figure 9(b), the DLSA with frequency-
scanning characteristics in the lower frequency band and
fixed-beam characteristics in the higher frequency band
can be realized.
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Figure 9 (a) Beam pointing angle and (b) Normalized phase con-
stants of the 1 x 8 DLSA (Lt =5 nH, Cgs = 2.1 nF, Cpr =8 nF,
and L¢ = 4.55 nH).

3. Parameters analysis

The proposed 1 x 8 DLSA has a non-periodic struc-
ture and involves many parameters. To facilitate the
analysis of different types of parameters on the phase
constant, the same type of parameters are set as the
same size. Finally, there are four parameters can be ana-
lyzed. The distance between the center of the metal
patch and the center line of SIW is offset, the distance
between the metalized vias and the SIW boundary is x,
the length of the slot element is [, and the width of the
metal patch is w, as shown in Figure 10. The beam
pointing angle and the phase constant have a consistent
relationship. Therefore, the beam pointing angle curve
can be used to characterize the phase constant curve.

Figure 10 1 x 8 DLSA.

The S-parameters and phase constant curves with
different parameters are drawn in Figure 11. The param-
eters offset and z; have little effect on the frequency mi-
gration, but they will affect the resonance frequency
points. The offset parameter has a great influence on the

phase constant curve in the higher frequency. When the
value of the x1 parameter decreases, the frequency-scan-
ning characteristic can be realized in the entire frequen-
cy band, as shown in Figure 11(d).

The width and length of the metal patch have a
greater impact on the impedance matching. When the
width w and the length [ of the metal patch are changed,
the phenomenon of frequency band migration will occur.
When the width of the metal patch is reduced, the en-
tire frequency band will migration to high frequencies.
When the length of the metal patch is increased, the
shape of the resonance frequency point changes little,
and the entire frequency band migration to the low fre-
quency band, as shown in Figures 11(e) and (g). The
length and width of the metal patch have different ef-
fects on the phase constant curves. When the width of
the metal patch is changed, the phase constant curve
changes more drastically in the high frequency range.
That is, when the width of the metal patch decreases,
the phase constant gradually becomes flat in the higher
frequency band. The increase in the length of the metal
patch will make the phase constant curve move up as a
whole.

Therefore, by adjusting the size of the DLSA, under
the premise of ensuring the good impedance matching
bandwidth, the beam characteristics of frequency-scan-
ning in the lower frequency band and the fixed beam in
the higher frequency band can be achieved. Finally, the
limitation of the downlink cutoff frequency of the pro-
posed 1 x 8 DLSA is briefly described. The SIW width
of our initial design is 5 mm, because the voltage stand-
ing wave ratio under this width is the smallest at 30
GHz, its cutoff frequency is 23.71 GHz. Therefore, the
cutoff frequency of the 1 x 8 DLSA can be shifted by
changing the width of the SIW.

III. Fabrication, Measurement and
Discussion

The proposed array antenna are obtained by ANSYS
HFSS V19.0. The substrate is Rogers RT/duroid 5880
with dielectric constant of 2.2, the loss tangent is 0.0009
and the thickness is 0.508 mm. The scattering coefficients
and radiation patterns are measured by the Agilent E8363B
network analyzer and the millimeter wave (mm-wave)
anechoic chamber, respectively.

1. S-parameters

To achieve a high gain array antenna, Figure 12
shows the simulation and fabrication models of the sin-
gle-port excited 16 x 8 DLSA. A power division net-
work of 1 to 16 is used to obtain the high gain array an-
tenna. Figure 13 shows the simulated and measured re-
flection coefficients. The solid and dashed line represent
the measured and simulated results, respectively. In the
range of 26 to 38 GHz, the simulated and measured
impedance matching bandwidths (S1; < —10 dB) are 9.34
and 9.66 GHz, respectively.
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()

Figure 12 Proposed 16 x 8 DLSA. (a) Simulation model. (b) Pho-
tographs of the fabricated array antenna.
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Figure 13 Simulation and measurement of the reflection coefficient.

2. Radiation patterns and gains

Figure 14 shows the measured and simulated nor-
malized radiation patterns. Similarly, the solid and
dashed lines represent measured and simulated results,
respectively. From 27 to 33 GHz, the measured beam
pointing angles are 8°, 13°, 17°, 21°, 24°, 27°, and 29°, re-
spectively. From 33 to 37 GHz, the measured beam
pointing angles are 29°, and the beam pointing angle er-
ror range is +1°.

To evaluate the radiation performance of the 16 x 8
DLSA. Figure 15 shows the simulated and measured gain
curves. In the range of 27 to 37 GHz, the simulated and
measured gain ranges of the 16 x 8 DLSA are 21.89 to
24.5 dBi and 20.79 to 22.9 dBi, respectively.

3. Comparison and discussion

To make a distinction and comparison, the compar-
isons between the proposed DLSA and the traditional
slot array antenna are listed in Table 3. Compared with
the traditional slot array antenna with frequency-scan-
ning [2]-[9], the proposed antenna has not only the beam
characteristics of frequency-scanning, but also has fixed-
beam characteristics. Compared with the traditional
fixed-beam slot array antenna [26], [27], the proposed ar-
ray antenna has the characteristics of frequency-scan-
ning. In addition, the proposed antenna has the advan-
tages of high gain and wideband.

IV. Conclusion

In this paper, a novel mm-wave DLSA is construct-
ed by etching two irregular longitudinal slots on the STW
conductor edge and adding metallized vias in the SIW.
By adjusting the slot elements and metallized vias, the
original electromagnetic field mode in SIW can be
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Figure 14 Measured and simulated normalized radiation patterns.
(a) 27-33 GHz. (b) 33-37 GHz.
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Figure 15 Simulated and measured gains of the 16 x8 DLSA.

changed, and the unusual radiation characteristics can be
obtained. That is to say, the beam scanning angle changes
with the frequency from 27 to 33 GHz, and the beam
pointing angle is fixed at a specific angle from 33 to 37
GHz. In a word, the proposed DLSA with wideband and
high gain can be used as an alternative candidate for
integrated multipurpose mm-wave array antenna in the
complex communication environment.
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Table 3 Comparison between traditional slot array antenna and the proposed DLSA

Ref. |Transmission line|Number of elements| Bandwidth (GHz) Beam type Peak gain (dBi)| Scanning angle
2] SIW 1x 19 10-17.5 (54.5%) Frequency-scanning 14.2 —49° to +69°
[3] RSIW 1x8 8-12 (40%) Frequency-scanning 12.5 —35° to +35°
[4] SIW 1x 14 8.5-14.4 (51.5%) Frequency-scanning 15 —53° to +37°
[5] SIW 1x21 16.5-23.1 (33.3%) Frequency-scanning 19.8 —90° to —10°
[6] CRLH SIW 1 x11 16.5-23.01 (33.3%) Frequency-scanning 18 248°
[7] SIW N.A. 10-12.8 (24.6%) Frequency-scanning 16.8 +31.4° to +50.5°
(8] SIW 1x15 16-18 (11.8%) Frequency-scanning >9.1 —56° to +48°
9] SIW 1x19 10.5-17.5 (50%) Frequency-scanning 16.5 —64° to +20°
[26] SIW 1x4 5.4-6.45 (17.7%) Fixed-beam 8 0°
[27] RSIW 4 x4 25.45-27.75 (8.6%) Fixed-beam 14.5 0°

Proposed SIW 16 x 8 27-37 (31.3%) |Frequency-scanning and fixed-beam 22.9 8° to 29°, 29°
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