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Metamaterial beam scanning leaky-wave antenna based on quarter
mode substrate integrated waveguide structure∗
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In this paper, we first propose a metamaterial structure by etching the same two interdigital fingers on the upper
ground of quarter mode substrate integrated waveguide (QMSIW). The simulated results show that the proposed QMSIW-
based metamaterial has a continuous phase constant changing from negative to positive values within its passband. A
periodic leaky-wave antenna (LWA), which consists of 11 QMSIW-based metamaterial unit cells, is designed, fabricated,
and measured. The measured results show that the fabricated antenna achieves a continuous beam scanning property from
backward−43◦ to forward +32◦ over an operating frequencyrange of 8.9 GHz–11.8 GHz with return loss better than 10 dB.
The measured antenna gain keeps consistent with the variation of less than 2 dB over the operating frequency range with
a maximum gain of 12 dB. Besides, the measured and simulated results are in good agreement with each other, indicating
the significance and effectiveness of this method.
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1. Introduction
Quarter mode substrate integrated waveguide (QMSIW),

which realizes nearly 75% size reduction in comparison with
the SIW, have received increasing attention for applications
in the microwave, millimeter wave and radar systems due to
its compact size, easy fabrication and easy integration with
other planar components.[1–4] A lot of researches about QM-
SIW have been reported, such as compact bandpass filters,[5–7]

circularly polarized antennas,[8,9] compact frequency-tunable
antenna,[10] miniaturized frequency selective surface,[11] etc.
It is very obvious that the QMSIW structure gives an attractive
and promising way to design microwave devices and antennas.

Leaky-wave antenna (LWA) possesses many advantages
such as low profile, beam scanning, and consistent gains.
However, for the conventional uniform LWA, it can radiate
only in a forward direction,[12,13] but the metamaterial based
one can realize a continuous beam scanning property from
backward to broadside to forward directions within its operat-
ing frequency band.[14] The previously reported SIW/HMSIW
based LWA used metamaterial structure to realize continuous
beam scanning from backward to forward directions.[15] How-
ever, there has been no research about QMSIW based LWA
with continuous beam scanning from backward to forward di-
rections. Only in Ref. [16], the authors first used conventional
QMSIW structure to design LWA with forward beam scanning
property. Therefore, it is an interesting challenge to design

LWA with continuous beam scanning property from backward
to forward directions by using the QMSIW based metamate-
rial structure.

In this paper, a novel quarter-mode substrate integrated
waveguide (QMSIW) based metamaterial structure is pro-
posed to implement leaky-wave antenna (LWA) with continu-
ous beam scanning property from backward to forward direc-
tions for the first time. The proposed QMSIW based metama-
terial structure, which is designed by etching the same two in-
terdigital fingers on the upper ground of the QMSIW, exhibits
continuous phase constant changing from negative to posi-
tive values within its operating frequency band. The designed
LWA, which consists of 11 identical QMSIW based metama-
terial unit cells, is fabricated and measured. The measured
results show good agreement with the simulated results, indi-
cating that the fabricated antenna obtains a continuous beam
scanning angle of 75◦ from backward to forward directions
over its operating frequency range with a consistent gain of
more than 10 dB. These behaviors demonstrate that the pro-
posed QMSIW-based metamaterial structure is a wonderful
and interesting candidate for continuous beam scanning LWA.

2. Design and analysis of the QMSIW based
metamaterial
According to Ref. [14], the electric and magnetic field

distributions of SIW are almost the same as those of the
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waveguide cavity of the TE mode, the formulae of the TE110

mode of the waveguide are given as follows:
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where L and W denote the length and width of the SIW. It is
worth mentioning that β is the phase constant, k is the wave
number, and η is the intrinsic impedance.
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Fig. 1. (color online) (a) Full-mode SIW. (b) Half-mode SIW. (c) Quarter-
mode SIW. (d) The proposed QMSIW based metamaterial.

According to the field distributions on the basis of the
above equations, it is very obvious that the H field shows a
circular distribution around the center of the SIW as shown in
Fig. 1(a). Therefore, when the SIW is cut vertically in half, a
half-mode SIW (HMSIW) is obtained, and the H field is ver-
tically distributed, which looks like a magnetic wall. The E
fields around the magnetic wall show that the in-phased fields
exist on the opposite side, according to image theory. Further,
the HMSIW keeps the same resonance at the same frequency
and field distribution as the SIW as shown in Fig. 1(b). Simi-
larly, the HMSIW can be cut in half, forming a quarter-mode
SIW (QMSIW), and it still be able to exhibit the same per-
formance as the SIWas shown in the plot in Fig. 1(c). The
geometry structure of the proposed QMSIW based metamate-
rial unit cell is shown in Fig. 1(d), and it can be seen that the
unit cell is designed by etching the same two interdigital fin-
gers on the upper ground of the conventional QMSIW, which
is exactly a quarter of the square SIW. While the rectangle
via walls is used to replace the cylinder via holes, because
they can be easily fabricated by using a typical PCB manu-
facturing process. The proposed QMSIW based metamaterial

structure is printed on Rogers Duroid 5880 substrate, with a
thickness of 0.508 mm, relative dielectric constant of 2.2, and
loss tangent of 0.0009. The ANSYS high-frequency struc-
tural simulator (HFSS) is used for three-dimensional full-wave
EM field analysis. The geometric parameters of the proposed
QMSIW based metamaterial structure are given as follows:
L = 14.0 mm, h = 0.508 mm, l1 = 6.75 mm, l2 = 5.4 mm,
w1 = 3.0 mm, w2 = 0.75 mm, w3 = 1.4 mm, and r = 0.7 mm.
The simulated S parameters and phase, calculated dispersion
curve and losses of the proposed QMSIW based metamaterial
structure are given in Fig. 2.
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Fig. 2. (color online) (a) Simulated S parameters and phase, and (b) calcu-
lated dispersion curve and losses.

Figure 2(b) gives the calculated dispersion curve and
losses of the proposed QMSIW based metamaterial unit cell
by Eqs. (4) and (5) according to the simulated S parameters.
The air-line is calculated by Eq. (6).

β = cos−1
(

1−S11×S22 +S12×S21

2×S21

)
, (4)

Loss = 1−S11S∗
11
−S21S∗

21
, (5)

β0 = ω p/c. (6)

As shown in Fig. 2(b), the air line crosses left-handed
lower frequency of about 8.9 GHz and right-handed upper fre-
quency of about 11.8 GHz, that is to say, the fast wave re-
gion of the proposed QMSIW based metamaterial structure
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is 8.9 GHz–11.8 GHz, while the bands below 8.9 GHz and
more than 11.8 GHz are the slow wave regions. Besides,
the balanced condition of the proposed QMSIW based meta-
material structure is realized at around of 9.9 GHz, which
means that the left-handed (8.9 GHz–9.9 GHz) and right-
handed (9.9 GHz–11.8 GHz) regions are continuous. More-
over, according to Fig. 2(a), it can be seen that the QMSIW
based metamaterial structure obtains a continuous phase con-
stant changing from negative to positive values over the pass-
band of 8.9 GHz–11.8 GHz. The loss analysis for the QMSIW
based metamaterial unit cell is also shown in Fig. 2(b), and it
can be seen that compared with the radiation loss, the other
losses are very small and negligible, which means that the re-
sulting results of the energy are transmission and radiation.

3. Leaky-wave antenna design and result discus-
sion
Based on the above analysis of the proposed QMSIW

based metamaterial structure, a periodic leaky-wave antenna
(LWA) composing of 11 identical QMSIW-based metamate-
rial unit cells, is designed. For the designed periodic LWA,
radiation is generated from space harmonics as follows:

βn = β0 +
2nπ

d
, (7)

where d is the length of the proposed metamaterial structure,
and β 0 is the fundamental space harmonic. For the radiation
of a space harmonic, the propagation constant β n must satisfy
the following equation:

βn < k0, (8)

where k0 is the free space propagation constant.
Due to the continuous phase constant of the QMSIW-

based metamaterial changing from negative to positive values,
the designed periodic LWA can realize the continuous main
beam scanning from backward to forward directions. Beam
scanning is a function of the operating frequency[11] as given
in the following equation:

θ( f )< sin−1
[

β (ω)

k0

]
, (9)

where k0 is the free space propagation constant.

Fig. 3. (color online) Photograph of the fabricated periodic LWA.

For verification, the designed periodic LWA is fabricated,
and finally measured through an N5230C vector network an-
alyzer. The photograph of the fabricated antenna is shown in
Fig. 3. The comparison between the measured and simulated
results are given in Figs. 4–6.

Figure 4 shows the comparison between the measured and
simulated S parameters of the designed periodic LWA. It is
very clear that the measurement and simulation are in good
agreement with each other. Specifically speaking, the mea-
sured return loss |S11| is better than 10 dB within the oper-
ating frequency range of 8.9 GHz–11.8 GHz. However, the
measured return loss in the right/left-handed regions is bet-
ter than that at transition frequency point, indicating that the
radiation efficiency at transition frequency point is less than
that in right/left-handed regions. Besides, there are some dis-
crepancies between the simulated and measured insertion loss
|S21|, which are mainly due to the fabrication and material tol-
erances and probably the loss from the SMA connectors. The
measured insertion loss is almost below −5 dB over the op-
erating frequency band, which means very good leakage radi-
ation. Moreover, both the return and insertion losses exhibit
sharp transitions at the band edges, indicating that the LWA
has good filtering functionality.
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Fig. 4. The measured and simulated S parameters of the designed peri-
odic LWA.

The measured and simulated normalized radiation pat-
terns of backward radiation (8.9 GHz/9.5 GHz, left-handed
region), and forward radiation (11.0 GHz/11.8 GHz, right-
handed region) are plotted in Figs. 5(a) and 5(b), respectively.
It is very obvious that the measurement and simulation are in
good agreement.

As shown in Fig. 5, the measured main beam scanning
angles of the designed periodic LWA at 8.9 GHz/9.5 GHz
and 11.0 GHz/11.8 GHz are respectively −43◦/−9◦ and
+16◦/+32◦, which means that the designed periodic LWA
achieves a continuous beam scanning property from backward
−43◦ to forward +32◦ over the operating frequency range
from 8.9 GHz to 11.8 GHz.
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Fig. 5. (color online) Simulated and measured normalized radiation patterns of the designed periodic LWA, showing (a) backward
radiation (8.9 GHz and 9.5 GHz) and (b) forward radiation (11.0 GHz and 11.8 GHz).
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Fig. 6. (color online) Simulated and measured normalized radiation patterns at broadside radiation (9.9 GHz) in (a) E plane and (b) H plane.

The measured and simulated normalized radiation pat-

terns of broadside radiation at 9.9 GHz are shown in Fig. 6.

It can be seen that the main beam scanning angle is 0◦, indi-

cating broadside radiation. The measured cross-polarization

level is low, and kept at a level of 15 dB below the measured

co-polarization at broadside radiation.

The measured and simulated beam scanning angles of

the designed periodic LWA are shown in Fig. 7(a), it can be

seen that the designed antenna provides a continuous beam

scanning angle ranging from backward−43◦ to forward +32◦

within the operating frequency band of 8.9 GHz–11.8 GHz,

which has been indicated in Fig. 5. The measured and simu-

lated 3-dB beamwidth of the designed periodic LWA are also

given in Fig. 7(a), and it is very obvious that the measured

3-dB beamwidth is kept at a consistent level of around 6.5◦

over the frequency band of 9.4 GHz–11.8 GHz. Figure 7(b)

gives the measured and simulated gains as well as the radiation

efficiency of the designed periodic LWA. The measured and

simulated gains agree well, but there is a discrepancy around

1.0 dB between them. The measured gain is better than 10 dB
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over the operating frequency range from 8.9 GHz to 11.8 GHz,
and the maximum gain is 14.0 dB at 11.1 GHz. However, the
antenna gain around the transition point is lower than that in
the right/left-handed regions, which is mainly due to the fact
that the matching of the Bloch impedance to 50 Ω at transi-
tion point is worse than that in the right/left-handed regions.
The measured and simulated radiation efficiencies are in good

agreement with each other. However, the radiation efficiency
around transition point is less than that in right/left-handed re-
gions, verifying the antenna gain property effectively.

The comparisons between the designed QMSIW metama-
terial based LWA and the full-mode SIW, HMSIW, and QM-
SIW based ones reported in recent references are given in Ta-
ble 1.
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Fig. 7. (color online) Measured and simulated results of the designed LWA, showing (a) measured and simulated beam scanning angle
(3-dB beamwidth), and (b) antenna gain and radiation efficiency.

Table 1. Comparison of LWA between this work and the references.

Ref. Antenna type
Frequency

Unit cell size
Beam

Beamwidth Peak gain/dB
band/GHz scanning range

[15] SIW 8.6–12.8 full-mode −70◦–+60◦ not given 10.80

[16] QMSIW 12.5–15.4 quarter-mode 0◦–+28◦ 5.5◦ 13.17

[18] HMSIW 7.4–13.5 half-mode −70◦–+70◦ not given 12.01

[19] SIW 8.0–13.0 full-mode −66◦–+78◦ not given 12.80

[20] SIW 8.25–13.0 full-mode −60◦–+66◦ 10.0◦ 14.80

[21] SIW 8.0–13.0 full-mode −72◦–+75◦ 11.5◦ 12.60

This work QMSIW 8.9–11.8 quarter-mode −43◦–+32◦ 6.5◦ 14.0

As shown in Table 1, it is very obvious that compared
with the proposed conventional QMSIW structure based LWA
in Ref. [16], the designed QMSIW metamaterial based LWA
expands the range of main beam scanning angle, and the back-
ward and broadside radiation are both obtained. The designed
LWA in this paper achieves a continuous main beam scanning
angle ranging from backward −43◦ to forward +32◦ within
the operating frequency band. However, compared with the
performances of full-mode SIW and HMSIW based periodic
LWA, the performances of the designed QMSIW based one
need to be improved.

4. Conclusions
In this work, a quarter-mode substrate integrated waveg-

uide (QMSIW)-based metamaterial structure is investigated
and used to design a periodic LWA for the continuous beam
scanning from backward to forward directions with consistent
gain for the first time. The measured and simulated results of

the designed LWA are in good agreement with each other, in-
dicating that a continuous beam scanning angle of 75◦ from
backward to forward directions with consistent gain of more
than 10 dB over the operating frequency band of 8.9 GHz–
11.8 GHz is obtained. This work provides an interesting and
wonderful methodof designing a beam scanning LWA, and
further expands the applications of the QMSIW.

Acknowledgment
The authors would like to express their gratitude to the

China North Electronic Engineering Research Institute for the
fabrication of a periodic LWA.

References
[1] Zhang Z, Yang N and Wu K 2009 IEEE Radio Wireless Symp. Dig.

p. 95
[2] Senior D E, Rahimi A and Yoon Y K 2014 IEEE MTT-S into Microwave

Symp. Dig. p. 1
[3] Wang N, Jin C, Xu X W and Sun H J 2014 IEEE Proc. Asia-Pacific

Microw. Conf. pp. 286–288

024102-5

http://dx.doi.org/10.1109/RWS.2009.4957293
http://dx.doi.org/10.1109/RWS.2009.4957293
http://dx.doi.org/10.1109/MWSYM.2014.6848407
http://dx.doi.org/10.1109/MWSYM.2014.6848407


Chin. Phys. B Vol. 26, No. 2 (2017) 024102

[4] Park G S, Wei Y Y, Wang H L, et al. 2016 Chin. Phys. Lett. 33 44201
[5] Jin C and Shen Z X 2014 IEEE Trans. Microw. Theory Techn. 62 37
[6] Zhang X J, Ma C Y and Wang F 2015 Electron. Lett. 51 912
[7] Zhu L, Liu X Y and Feng Y J 2016 Chin. Phys. B 25 034101
[8] Jin C, Li R, Alphones A and Bao X 2013 IEEE Trans. Antennas

Propag. 61 2921
[9] Jin C, Li R, Hu S M, Zhang S B, Chang K F and Zheng B Y 2014 IEEE

Trans. Compon. Packag. Manuf. Technol. 4 392
[10] Muhammad Usman Memon and Sungjoon Lim 2015 IEEE Antennas

Wireless Propag. Lett. 14 1606
[11] Wang H B and Cheng Y J 2016 IEEE Trans. Antennas Propag. 64 914
[12] Guan C, Wang P P and Bi J J 2015 Chin. J. Radio Sci. 30 97 (in Chi-

nese)
[13] He F M, Xie W Q, Luo J R, Zhu M and Guo W 2016 Chin. Phys. B 25

038401

[14] Colan G M Ryan, George V Eleftheriades 2015 IEEE Antennas Wire-
less Propag. Lett. 14 470

[15] Dong Y D and Itoh T 2011 IEEE Trans. Antennas Propag. 59 767
[16] Lee D J and Lim S J 2015 Microwave Opt. Technol. Lett. 57 1234
[17] Pozar D M 2005 Microwave Engineering, 3rd edn. (Hoboken, NJ,

USA), Chap. 6.3
[18] Ali Pourghorban Saghati, Mir Mojtaba Mirsalehi and Mohammad Has-

san Neshati 2014 IEEE Antennas Wireless Propag. Lett. 13 451
[19] Nasimuddin, Zhi Ning Chen and Xianming Qing 2012 IEEE Trans.

Antennas Propag. 60 5056
[20] Nasimuddin, Zhi Ning Chen and Xianming Qing 2013 IEEE Trans.

Antennas Propag. 61 3451
[21] Nasimuddin, Zhi Ning Chen and Xianming Qing 2015 Microwave and

Optical Technology Letters 57 624

024102-6

http://dx.doi.org/10.1088/0256-307X/33/4/044201
http://dx.doi.org/10.1109/TMTT.2013.2293128
http://dx.doi.org/10.1049/el.2015.0391
http://dx.doi.org/10.1088/1674-1056/25/3/034101
http://dx.doi.org/10.1109/TAP.2013.2250238
http://dx.doi.org/10.1109/TAP.2013.2250238
http://dx.doi.org/10.1109/TCPMT.2014.2300508
http://dx.doi.org/10.1109/TCPMT.2014.2300508
http://dx.doi.org/10.1109/LAWP.2015.2413945
http://dx.doi.org/10.1109/LAWP.2015.2413945
http://dx.doi.org/10.1109/TAP.2015.2513103
http://dx.doi.org/10.1088/1674-1056/25/3/038401
http://dx.doi.org/10.1088/1674-1056/25/3/038401
http://dx.doi.org/10.1109/LAWP.2014.2368115
http://dx.doi.org/10.1109/LAWP.2014.2368115
http://dx.doi.org/10.1109/TAP.2010.2103025
http://dx.doi.org/10.1002/mop.29059
http://dx.doi.org/10.1109/LAWP.2014.2309557
http://dx.doi.org/10.1109/TAP.2012.2207680
http://dx.doi.org/10.1109/TAP.2012.2207680
http://dx.doi.org/10.1109/TAP.2013.2256094
http://dx.doi.org/10.1109/TAP.2013.2256094
http://dx.doi.org/10.1002/mop.v57.3
http://dx.doi.org/10.1002/mop.v57.3

	1. Introduction
	2. Design and analysis of the QMSIW based metamaterial
	3. Leaky-wave antenna design and result discussion
	4. Conclusions
	References

