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Abstract—In this paper, a new type of leaky-wave antenna
(LWA) is proposed using half-mode substrate integrated waveg-
uide (HMSIW) as the base structure. The HMSIW allows
easy implementation of shunt tuning elements, which in turn
enables changes in the dispersion characteristic of the LWA. By
incorporating series and shunt tuning capacitors, i.e. varactor
diodes, the LWA is able to scan from backward to forward angles
at a fixed frequency. Since the structure is periodic in nature,
Floquet analysis of its unit cell is used as the basis for the initial
design to obtain estimated angles of the maximum beam and
Bloch impedance. The antenna is also designed to minimize the
number of shunt tuning components required to implement the
desired scanning. From numerical simulations, the HMSIW LWA
demonstrates scanning angles between -33◦ and +56◦ at 8.2 GHz
over the capacitance range of 0.1–0.4 pF. The return loss is found
to be larger than 5 dB in most cases. Finally, the proposed design
is evaluated experimentally using unit cell prototypes.

I. INTRODUCTION

Due to their superior frequency-scanning capability and ease
of feeding, leaky-wave antennas (LWAs) possess certain ad-
vantages over conventional antenna arrays. A high-gain LWA
can be achieved by simply extending its physical length, which
can result in a compact size especially in millimeter-wave
applications. Furthermore, LWAs can be designed to exhibit
both forward and backward beam steering by incorporating
metamaterials into their unit cells [1], [2]. Nevertheless, the
frequency-scanning capability of metamaterial-based LWAs is
not suitable for more common fixed-frequency applications.
Thus, there has been considerable interest in tunable scan-
angle LWAs [3].

Recently, substrate integrated waveguides (SIWs) have been
introduced as a low-profile, low-cost alternative to conven-
tional bulky rectangular waveguides. SIW LWAs can offer a
very attractive solution for LWAs, especially at millimeter-
wave frequencies due to their low-loss characteristics and com-
patibility with other SIW-based circuits [1], [2]. In addition,
half-mode SIW (HMSIW) LWAs have also been demonstrated
[4], [5]. A HMSIW is essentially an SIW implementation,
which occupies a smaller footprint with slightly better trans-
mission characteristics [6]. In this paper, an electronically
tunable HMSIW LWA that provides a backward-broadside-
forward beam-steering capability is presented.

II. PROPOSED STRUCTURE AND DISPERSION ANALYSIS

SIW-based leaky-wave antennas are generally achieved by
creating transverse slots along the waveguide [1], [2]. Across

each slot, there exists a small metallic patch underneath or
above it, which minimizes abrupt changes in the impedance
across the slot and, hence, provides smooth flow of currents
as they propagate along the structure. The dispersion charac-
teristic of such an antenna can be modified by adding a series
tuning capacitive element across each slot. However, shunt
tuning components are also needed to change the waveguide
cutoff frequency. By providing these two degrees of freedom, a
LWA can switch between positive and negative phase constants
in order to achieve forward and backward scanning. Since it
is inherently difficult to implement shunt tuning for an SIW, a
HMSIW will be the choice of the base structure in this paper.
In fact, it has been demonstrated that shunt-loaded HMSIWs
can be used as electrically tunable phase shifters [7].

The proposed HMSIW LWA, which employs tunable series
(Cse) and shunt (Csh) capacitive elements, is shown in Fig.
1. These tuning elements will be implemented using varactor
diodes in Section IV. In the figure, only 4 unit cells are
shown for clarity. A tapered microstrip is used as the feed
line. Its simplified unit cell model is presented in the inset of
Fig 1. Zo,hm is the characteristic impedance of the HMSIW,
which can be readily found [8]. The effect of the gap and
embedded patch is represented by Cgp. It is noted that the
inductance of the via connecting the shunt element to ground
is ignored in the model. Using Floquet analysis, the respective
dispersion curves for different combinations of Cse and Csh

can be calculated from

cosh(βLcell) =
1− S2

11 + S2
21

2S21
(1)

for symmetrical unit cells. β is the phase constant of the
mode propagating along the structure. S11 and S21 are the
S-parameters extracted at the unit cell boundaries.

For accuracy, Ansys HFSS was used to calculate the disper-
sion diagrams. The HMSIW was designed to exhibit the cutoff
frequency around 10 GHz resulting in Whm = 4.825 mm, a
= 1 mm, and R = 0.2 mm. The substrate material was Rogers
RT/duroid 5880 having εr = 2.2 and tan δ = 0.0009 at 10 GHz.
The total substrate thickness (h1 + h2) is 0.635 mm, and the
embedded patches (px = 2.8 mm and py = 4 mm) sit 0.127
mm below the top surface. It is noted that in our simulations,
solid waveguide walls were used to approximate the via fence
in order to reduce the computational size. In this case, the
effective HMSIW width (Whm,eff ) was found to be 4.7 mm.
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Fig. 1. Proposed HMSIW LWA.

In our study, different numbers of unit cells (N = 1, 3, 5, 7)
were used to compute the dispersion characteristics. It was
found that a good convergence is achieved for all N . Short
sections of HMSIW were used as the feeds for the extraction
of phase constants.

Fig. 2 shows the calculated dispersion characteristics of the
HMSIW LWA using 1 unit cell. It can be observed that by
adjusting Cse and Csh the dispersion curves are shifted up
and down. In fact, there is a region in which both positive
and negative β can be obtained at a fixed frequency. In this
case, the frequency range is between 8–9 GHz. Subsequently,
the angle of the maximum of the beam away from broadside
can be estimated from θ = sin−1(β/ko). ko is the freespace
wavenumber, and the wave becomes leaky when β/ko < 1.
Therefore, 8.2 GHz is chosen to be the operating frequency
since large scanning angles in the forward and backward direc-
tions can be obtained, assuming Cse and Csh vary between
0.05–0.30 pF. Note that the LWA operates below the cutoff
frequency of the base HMSIW.
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Fig. 2. Calculated dispersion characteristics, N = 1.

Next, a full HMSIW LWA model of Fig. 1 is considered,
however, for N = 20. The microstrip lines are used to feed

TABLE I
PREDICTED AND SIMULATED SCANNING RANGE

Cse Csh Predicted θ Predicted θ Simulated θ

(pF) (pF) N = 1 (deg) N = 3 (deg) N = 20 (deg)

0.05 0.05 -32 -37 -27
0.10 0.05 -21 -27 -22
0.15 0.05 -16 -16 -16
0.25 0.25 +17 +17 +19
0.30 0.20 +24 +26 +26
0.30 0.30 +37 +42 +43

the antenna directly. Fig. 3 presents various radiation patterns
in the yz-plane simulated at 8.2 GHz. It can be observed
that a wide range beam scanning angles can be obtained, and
the maximum total gain is better than 10.9 dBi for all cases.
Table I shows a comparison between the predicted θ from the
dispersion analysis when N = 1, 3, and those obtained from
HFSS simulations of the full structure. It can be seen that
in general the unit cell analysis predicts the scanning angles
very well except for the most positive and negative angles
for N = 1 and the two most negative angles for N = 3. It
is concluded that single unit cell is sufficient for predicting
scanning angles. Overall, the antenna gain ranges between
10.9–13.0 dBi, and the gain is higher in the forward scanning
region. The capacitors are treated as ideal for Fig. 3, i.e. no
parasitic inductance and resistance is considered.
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Fig. 3. Simulated radiation pattern of the HMSIW LWA in Fig. 1 at 8.2
GHz (N = 20, φ = 90◦).

III. DESIGN AND OPTIMIZATION

In Section II, it was found that the largest backward
scanning range can be obtained when Cse and Csh are equal
to 0.05 pF. In practice, it is extremely difficult to achieve
capacitance values below 0.1 pF from commercially available
varactor diodes. Therefore, every two unit cells shown in Fig.
1 are combined into a supercell as depicted in Fig. 4. In this
manner, the Csh,new is equivalent to 2Csh, which effectively
doubles the minimum capacitance requirement of the shunt
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capacitances for obtaining large backward scanning angles.
For the series capacitances, the embedded patch size can be
reduced to mitigate the small size of Cse. As well, h2 can be
increased for the same purpose.

Fig. 4. Modified HMSIW LWA with less shunt capacitors.

In this improved design, h1 and h2 have been adjusted to
0.381 mm and 0.254 mm while maintaining the total thickness
to that presented in Section II. In addition, the area of each
embedded patch is 2.7 × 4.0 mm2. Dispersion analysis of
the unit cell shown in Fig. 4 is performed when Cse and
Csh are varied between 0.10–0.40 pF with steps of 0.02 pF.
Fig. 5(a) shows the calculated scanning angles for a set of
8 capacitance-pairs. Note that the negative slopes indicate
backward angles whereas the positive slopes imply forward
angles. The lowest and highest (Cse,Csh) pairs generally
give the maximum backward and forward angles, respectively.
Thus, the range of capacitance pairs shown in Fig. 5(a) is
sufficient to observe equal maximum backward and forward
angles. 8.2 GHz is chosen to be the design frequency. The
respective Bloch impedances (ZB) are computed using (2) and
presented in Fig. 5(b), using the same legend as that of Fig.
5(a).

ZB

Zo
= ±

√
(1 + S11)2 − S2

21

(1− S11)2 − S2
21

(2)

Zo is the reference impedance, i.e. 50 Ω in this case. In
general, a large imaginary part indicates that the structure
is operating in a bandgap region. Valid cases are, therefore,
chosen when the imaginary parts are close to zero. For
backward scanning, the cases with the lowest Csh give the
largest scanning angle and larger ZB . Bloch impedances are
found to be much smaller for forward scanning in which case
it is easier to match the antenna with a 50 Ω feed line.

To validate the unit cell analysis, a full structure containing
15 supercells with 50-Ω microstrip feeds on both ends is
simulated using HFSS. It is also noted that the conductor,
dielectric, and varactor diode losses are not included. Fig. 6(a)
shows the reflection coefficients of the LWA for several com-
binations of Cse and Csh. These cases are selected such that
they cover from backward-broadside-forward scanning angles
as can be seen in Fig. 6(b). As expected from the analysis of
ZB , the worst matching is observed when Cse = Csh = 0.1 pF
due to a very large difference between ZB and the reference
impedance. The impedance matching improves for the cases
where the angles are closer to broadside since ZB is not too far
away from 50 Ω. In addition, better return losses also reflect
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Fig. 5. Analysis of the HMSIW LWA supercell shown in Fig. 4. (a) Scan
angle. (b) Bloch impedance.

in narrower beamwidth and smaller side lobes as shown in
Fig. 6(b). Overall, the antenna beam can be steered between
−33◦ and +56◦ at 8.2 GHz. Furthermore, the antenna is able
to scan through broadside as depicted in the same figure, e.g.
θ = 1◦ when Cse = 0.28 pF and Csh = 0.16 pF.

IV. EXPERIMENTAL EVALUATIONS

There are two important considerations when dealing with
varactor diodes that must be taken into account in the design:
bias lines and package parasitics. For biasing varactor diodes,
a gap (denoted by gdc) must be introduced in the middle
of the supercell as shown in Fig. 7 for biasing purposes.
There are two independent dc control voltage Vse and Vsh,
for the series and shunt diodes, respectively. The gap results
in a large impedance that inadvertently disrupts the transverse
currents that are trying to reach the via wall. Therefore, a large
lumped capacitor (Cb) can be placed across the gap in order to
compensate the large impedance. It is found from our study
that distributing three bias capacitors across the gap evenly
helps decrease the Bloch impedance for the most backward
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Fig. 6. Simulated performance of the HMSIW LWA in Fig. 4 containing 15
supercells. (a) S11. (b) Radiation pattern at 8.2 GHz (φ = 90◦).

scanning cases as compared to the structure with one Cb. As
well, the bias capacitor should be larger than 10 nF to provide
a low enough impedance. In our subsequent results, 100-nF
capacitors will be used for Cb.

Fig. 7. Fabricated HMSIW LWA supercell.

To validate the proposed concept experimentally, two pro-

(a)

(b)

Fig. 8. Photographs of the fabricated single supercell HMSIW LWA
structures. (a) Fixed capacitors. (b) Varactor diodes.

totypes of unit-cell-based structures as shown in Fig. 8. In
both prototypes, the HMSIW base structure has the same
dimensions as those described in Section III. In our measure-
ments, true-reflect-line (TRL) structures were also fabricated
and used in the calibration resulting the measurement planes
being placed at the supercell boundaries.

First, a design using fixed capacitors is evaluated. In proto-
type A as shown in Fig. 8(b), Johanson ultra high Q capacitors
having the nominal capacitance of 0.3(±0.05) pF were used
in the series and shunt branches of the supercell similar to the
one shown in Fig. 4. The dispersion characteristic is presented
in Fig. 9, which was found using the measured S-parameters
similar to (1) except that S12 and S22 were also incorporated.
Due to component tolerances, package and shorting via para-
sitics, the effective capacitance is expected to be higher than
0.3 pF. Parametric simulations of different combinations of the
series and shunt capacitors were used to estimate their total
capacitances. It was found that the simulated dispersion curve
for the case when Cse = 0.32 pF and Csh = 0.38 pF matched
very well with that of the measured result as shown in Fig.
9. In addition, the simulated and measured S-parameters (not
shown here for brevity) showed a very good agreement.

For the tunable prototype B shown in Fig. 8(a), Aeroflex
MGV125-08-805-2 hyperabrupt varactor diodes were used
in the series and shunt tuning elements. According to the
manufacturer’s datasheet, the junction capacitance at 20 V is
just under 0.06 pF, and the package capacitance is 0.08 pF.
Fig. 10 shows the dispersion characteristics extracted from
the measured S-parameters for several combinations of Vse
and Vsh control voltages. Vsh values of 12 V and 20 V were
applied in order to simulate forward and backward scanning
cases, respectively. Subsequently, the predicted scan angles
can be calculated as summarized in Table II. At 8.35 GHz,
equal forward and backward scanning of ±25◦ is achieved.
It is important to note that the effective shunt capacitance of
the supercell is approximately twice the total capacitance of
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Fig. 9. Simulated and measured dispersion characteristics of the HMSIW
LWA unit cell containing 0.3-pF capacitors.

the diode (neglecting other parasitics). Thus, the minimum
obtainable effective shunt capacitance will be more than 0.2
pF. Therefore, in order to achieve larger backward angles at
the same frequency, a different bias configuration that utilizes
a single shunt diode must be employed for the unit cell
prototype. Finally, bandwidth reduction and increased signal
losses have also been observed, which can be attributed to
the nonideal components used in the biasing circuits and
fabrication errors in forming the via fence.
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Fig. 10. Dispersion characteristics of the fabricated HMSIW LWA unit cell
containing varactor diodes.

V. CONCLUSION

An electronically tunable half-mode substrate integrated
waveguide (HMSIW) leaky-wave antenna (LWA) is introduced
in this paper. A HMSIW-based structure provides more flex-
ibility in tuning than its SIW counterpart. The unit cell of
the HMSIW LWA possesses metamaterial properties where its
series and shunt capacitances can be adjusted to allow positive
and negative phase constants. Dispersion analysis of a unit
cell was used in predicting the scanning angles and found

TABLE II
SCANNING ANGLES EXTRACTED FROM UNIT CELL MEASUREMENTS AT

8.35 GHZ

Vse (V) Vsh (V) θ (deg)

20 20 -24.78
16 20 -15.76
13 20 +1.94
6 12 +18.88
5 12 +21.05
4 12 +22.95
3 12 +24.93

to give a good accuracy. The unit cell design was further
optimized to reduce the number of shunt tuning elements
and to increase the minimum required capacitance for large
backward scanning angles. Full-wave simulations have demon-
strated that the antenna can be used to steer its beams between
−33◦ and +56◦ at 8.2 GHz. To validate the concept, the
fabricated unit cell prototypes employing both fixed capacitors
and varactor diodes as the tuning elements were measured and
their dispersion characteristics were extracted. The measured
results from the unit cell prototype containing fixed capacitors
were shown to correlate very well with those from full-
wave simulation. Furthermore, the dispersion measurements
demonstrated that potentially ±25◦ of scanning range can be
achieved at 8.35 GHz for the prototype containing varactor
diodes. Thus, the HMSIW LWA presented in this paper is a
promising technique for applications requiring fixed-frequency
beam steering.
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