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Abstract—This paper reports on a periodic microstrip
Leaky-wave antenna (LWA). The open stopband issue is
suppressed by altering the unit cell using a matching stub. The
developed LWA is based on a grounded InP-substrate of
50 pm and has been fabricated and characterized between 0.23
to 0.33 THz. The dispersion diagram of the designed unit cell
shows enhancement of the attenuation constant at the
broadside frequency of 0.273 THz and about 50% less
deflection at the broadside region on the Bloch impedance
curves, consequently better impedance matching at the input.
The simulated scattering parameters of the proposed LWA
show that the return loss Su1 is below 17 dB except for the
broadside, which has a value of 13.8 dB. Furthermore, the
beam steering capabilities of the antenna are simulated in the
WR3.4 band and confirmed experimentally between 0.26 and
0.33 THz proving the beam direction to steer from —12° to
+33°, respectively.

Index Terms—antennas, periodic leaky-wave antenna, open
stopband, terahertz.

I. INTRODUCTION

Leaky-wave antennas (LWAs) are a class of traveling
wave antennas that leak power in a controlled manner while
propagating through an altered guiding structure like a
transmission line or a waveguide [1]. This time-dependent
power leakage gives the LWAs a distinctive natural feature
of adjusting the beam direction by tuning the operating
frequency [1, 2]. Moreover, the LWAs are typically
constructed as a single guiding structure, enabling low-
complex feeding networks and reaching higher gains by
enlarging the structure, which contributes to low-cost chips
based on standard fabrication processes. The aforementioned
features of the LWAs have promoted further research on
developing these antennas for THz applications, such as
radar [3, 4], 6G, and mobile THz communication [5-7].

LWAs radiate the fast wave, which means the phase
constant B is smaller than the wavenumber k. The complex
propagation constant y = o + jp, where a is the attenuation
constant, which expresses the loss experienced by the signal
while propagating through the unit cell in forms of radiation
and losses in the material, i.e., 00 = Orad + Olioss (ideally Ooss =
0) [1]. The constant y is usually indicated using the
dispersion diagram of the leaking structure, where the
transfer from a slow wave region to a fast one is defined by
the "light line" = k = 2m/ko, Ao is the wavelength. Whereas
the ability of the unit cell to leak the power is carried on o,

the frequency-dependent phase constant, f(w), ® = 2m-f,
essentially indicates the beam direction 0 of the LWA,
following [1, 8]:

o (B(w)) o (c . B(w))
0 = arcsin = arcsin
k © (M

where c is the speed of light.

The periodic LWAs have a guiding structure that
supports a slow wave (non-radiating mode) altered
periodically in the form of replicated unit cell m-times with a
periodicity of p using slots or stubs to enable the radiative
mode through these discontinuities [1]. The periodically
loaded guiding structure creates a Floquet wave, which

consists of infinite space harmonics. The n = —1 space
harmonic can fulfill the radiation condition [1]:
ko< .1 < ko. 2

Although the periodic LWAs provide beam scanning
capabilities from the backward quadrant to the frontward
quadrant [1], they suffer a common issue: the open-stop band
(OSB), consisting of a significant reduction of the antenna’s
gain when radiating at the broadside. This is caused by the
contra-directional coupling of space harmonics, which leads
to a significantly suppressed radiation power, i.e., low value
for awng [1, 9]. In [10], some techniques were reported to
handle the issue of the OSB for 1-D periodic LWAs. In this
work, we will apply the technique of adding a matching stub
to the unit cell to break the symmetry and enhance the
radiated power on the THz periodic microstrip LWA, which
was reported in [11].

II.  CHIP DESIGN

A. Design of a Unit Cell

The unit cell of a periodic microstrip LWA can be
designed following the formulas in [11]. The thickness of the
substrate is 50 um to reduce the number of surface-wave
modes to the TMO mode for a higher radiation efficiency
[12] and to enable future integration with THz photodiodes.
The layout of the proposed unit cell containing the matched
stub is shown in Fig. 1, and the main dimensions are
provided in Table 1. The dispersion diagram in Fig. 2a shows
a comparison between the periodic LWA affected by the
OSB (without the matching stub) and our OSB-suppressed
LWA (with the matching stub). In both cases, it can be seen
that the designed antenna is capable of producing a fast wave
and scanning below the light line from 0.224 to 0.372 THz.



TABLE 1 PARAMETERS OF AN LWA UNIT CELL.

Dimension Value Dimension Value
Length of the unit Matching stub
cell (period), p | KM Width, W 20 um
Width of the unit Matching stub
cell, wuniticell 1000 #m leﬂgth, lmalch 90 #m
P Position
Strip width, wqqip 70 um matching stub, Oy, 30 um
: Position
Stub width, wy,, 50 um 19 stub, Ouuny 58.25 um
Stub length, / 140 um Position 151.5 um
gth, Lseun M 2" stub, Ogun D u

On the one hand, the phase constant B is similar in both
cases. On the other hand, the attenuation constant changes
the behavior at the broadside region (around 0.273 THz),
showing an increased value (solid blue curve) compared with
the reduction in the fundamental antenna (the dotted blue
line).

Another interesting comparison is given in Fig. 2b, where
the simulated Bloch impedance is provided. The influence of
altering the unit cell with a matching element reduced the
curve deflection at the broadside frequency by almost 50%,
which should lead to better impedance matching at the input,
enhanced performance and radiation on the broadside
direction.

B. Design of LWA

We used 20-unit cells to form the LWA (compared with
16-unit cells in [11]). This increment will enhance the
directivity and the gain. The proposed antenna design is
simulated and analyzed using the full-wave commercial
electromagnetics (EM) solver Dassault Systems CST Studio
2021. The S-parameters of the LWA with suppressed OSB
are provided in Fig. 3. (solid curves). By introducing the
matching stub in the unit cell, the longitudinal symmetry is
broken, i.e., Si1 # S2. The return loss Si; is overall below
17 dB, except for the broadside frequency of 0.273 THz,
where it gets beyond 13.8dB as the worst value. The
degradation of S», at the broadside frequency zone shows
that the functionality of the matching stubs is applied only in
one direction, but still better than the absence of the
matching stubs (dotted Si; curve). Furthermore, the average
value of the insertion loss is ~14 dB, which is about 3.8 dB
better than the LWA with the issue of OSB, because the new
structure is expanded by 4 extra unit cells.

III. CHARACTERIZATION OF THE LWA

A. Scattering Parameters

A CPW-to-microstrip transition was included in the
fabricated structures, allowing the characterization of the
scattering matrices. The scattering parameters were
measured using a ZVA40 Vector Network Analyser (VNA)
and a pair of waveguide extenders: a transceiver Rohde &
Schwarz ZC330 (Tx/Rx) and a receiver (Rx) module Rohde
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Fig. 1 Dimensions of a single unit cell, and line up the unit

cells to form the body of the LWA.
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Fig. 2 (a) Simulated dispersion diagram of an LWA unit cell
between 0.2 and 0.38 THz. (b) Bloch impedance of the
proposed unit cell.

& Schwarz ZRX330. A TRL calibration kit [13] was
fabricated to de-embed the transitions as well as the effect of
the probes employed in the measurement. The de-embedded
measurements were then compared to the simulated devices
after applying a TRL algorithm to the simulated data.

The measured and simulated S-parameters of the de-
embedded transition between 0.23 THz and 0.33 THz are
presented in Fig. 4. The ripples in the measured S-parameters
are likely caused by an irreversible effect of internal



reflections at one of the two probes used for the
characterization. High values are noted in the simulated
losses at 0.255 THz, which can be explained as follows: at
0.255 THz, the transition shows a strong resonance, which
acts as an antenna with a very low transmission coefficient
between the ports. This effect is noticed in the simulations of
each TRL standard and provokes the TRL algorithm not to
converge at such frequency points. On the other hand, the
losses in the measurement setup before de-embedding helped
in limiting the relevance of this phenomenon and allowed the
de-embedding algorithm to converge. As well, the different
probe positioning when measuring each TRL standard and
device would include phase differences that reduced the
relevance of this effect. However, this could not be
reproduced in simulation. Nevertheless, a very good
agreement is well observed overall despite this artifact.

B. 1-D THz Beam steering

The 1-D beam steering capabilities are simulated using
CST by changing the frequency of the input using discrete
port. The simulated far-field radiation patterns between 0.23
and 0.33 THz are presented in the polar diagram in Fig. 8.
The beam scans from -50° at 0.23 THz to 42° at 0.33 THz
and approaching the broadside direction at 0.273 THz.

The simulated realized gain of the LWA is demonstrated
in Fig. 5 showing almost a constant value of 13.7 dBi in the
WR3.4 band, including the broadside. The beam angle and
the realized gain at 2244 GHz are -63° and 11 dBi,
respectively, whereas at 372.2 GHz the beam angle is 90°
and the realized gain is 9.37 dBi covering a total beam
steering range of 153°.

For a quantitative comparison, the beam direction and the
3-dB beamwidth for the LWA are provided in Fig. 6. The
beam direction shows an excellent agreement between the
measurements and the simulation. On the other hand, the
beamwidth of the fabricated LWA is wider, which can be
explained by the difference in the material of fabricated InP
compared with the ideal one in the simulation.

The polar diagram of the characterized LWA at WR3.4
band is given in Fig. 7. The system setup restricted the
measurement for the frequencies between 0.26 to 0.33 THz.
Although, the simulated far-field at 0.273 THz showed an
optimal performance, the characterized far-field was about
3 dB lower.

IV. CONCLUSIONS

This paper presented a periodic microstrip Leaky-wave
antenna (LWA) with suppressed OSB using a matching stub
in the unit cell. The dispersion diagram of the altered unit
cell has an enhanced attenuation constant at the broadside
frequency of 0.273 THz. The Bloch impedance has also been
simulated, showing more stability of the impedance at the
broadside frequency.
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Fig. 3 Simulated S-parameters of an LWA with suppressed
OSB and 20-unit cells (part of the LWA in the inset with solid
frame) compared with the S-parameters of an LWA with OSB
issue [11], which constructed from 16-unit cells (part of the
LWA in the inset with dotted frame).
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Fig. 4 (a) The measured return loss for a de-embedded LWA
(solid curves) compared with the return loss of a de-embedded
simulated structure (dotted curves). (b) The measured and
simulated insertion loss for a de-embedded LWA.

The simulated return loss of the designed LWA is below
17 dB, except for the broadside, which has a value of
13.8 dB. Muchmore, the insertion loss ranges between
12.5 dB and 16.3 dB in the whole WR3.4. On the other hand,
the characterized LWA approached worse scattering
parameters affected by the non-ideal CPW-to-microstrip
transition and the measurement setup.
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Fig. 8 Polar diagram of the simulated far-field radiation patterns of the LWA in H-plane for frequencies in WR3.4 band.

Simulated and characterized beam steering capabilities
were introduced. A simulated beam steering range of 92° is
obtained in the WR3.4 band when changing the frequency
from 0.23 to 0.33 THz. Due to the limitation of the
measurement setup, the steering range is experimentally
confirmed from -12° at 0.26 THz to 33° at 0.33 THz.
Furthermore, the beam direction and the 3-dB beamwidth of
simulated and measured radiation patterns were examined
for quantitative comparison perspectives.
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