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Frequency Scanning Leaky-Wave Array Antenna
with Extended Scanning Range for Millimeter Wave
Imaging

Kevin Kipruto Mutai, Graduate Student Member, IEEE and Qiang Chen, Senior Member, IEEE

Abstract—In this letter, we propose a frequency scanning
leaky-wave array antenna with a significantly increased scanning
range. The proposed structure consists of a pair of rectangular
waveguide fed leaky-wave slot array antennas that are designed
to achieve focusing in the backward and forward quadrants at
26.5 GHz and 23 GHz respectively. A total scanning range of
about 73° is achieved by the structure simply by changing the
frequency. The focusing gain between the backward and forward
quadrants varies from 23 dBi to 25 dBi with the operation of the
two waveguides separated by exploiting the cutoff region of one
waveguide, operating with negative phase constant, and the
endfire radiation of the other waveguide, operating with a
positive phase constant, allowing the use of a single feed for both
waveguides.

Index Terms—Frequency scanning antennas (FSAs), leaky-wave
antennas (LWASs), slot arrays, near field focusing (NFF)

[. INTRODUCTION

EAR field focusing (NFF) antennas, moreso of the one
dimensional leaky-wave antenna (LWA) variety,
have drawn attention owing to their relatively
portable physical profiles and ease of electronically scanning
through one spatial dimension simply by changing the
frequency [1] — [7]. Owing to these advantages, the
applicability of such structures has been explored in
millimeter wave imaging [8], [9] to reduce the fabrication
costs involved in contemporary imaging systems where arrays
of sensors [10] — [12] have been reduced to a pair of near-field
focusing leaky-wave antennas. The requirement for a large
dielectric lens or reflectors used in other systems [13], [14] is
also largely eliminated allowing for less bulky designs.
Despite these advantages, a challenge present in current
frequency scanning NFF LWA designs is the limitation of the
available scanning range to the forward quadrant [4] — [6]
which is an inherent characteristic of uniform LWAs. To
overcome this limitation, a periodic approach can be used [1],
[9] at the expense of an increased scanning range. A
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Fig. 1. Concept of proposed frequency scanning structure.

conformal approach may also be used [2], [3] which may
allow for an increased scanning range but at the expense of a
compact physical profile.

To address these challenges, we put forward a compact
rectangular waveguide-based frequency scanning LWA
capable of NFF. The novelty of the proposed approach lies in
the focusing effect being achieved in both the forward and
backward quadrants using a single-port excitation thereby
theoretically effectively doubling the available scanning range
compared to contemporary structures of a similar nature [4] —
[6]. This is achieved by appropriate tapering of the phase
constant () of the traveling wave in two slitted waveguides
(See Fig. 1) capable of a negative #(WG1) [15] and positive S
(WG2) [16] which allows for the use of a single feed located
at one end. The use of single-port excitation allows for a
relatively simple, cheap and compact feeding mechanism
compared to a dual-port approach which would require double
the RF chain components.

II. DESIGN AND CHARACTERIZATION OF PROPOSED STRUCTURE

A. Design of the Proposed Structure

To achieve the desired focusing effect at the target focusing
positions of Si(xs= 195 mm, y;= 0 mm, z5; = -150 mm) and
Sa(xs= 195 mm, ys= 0 mm, z,, = 150 mm) for WG1 and WG2
respectively, the phase constant distribution (£A(z')) of the
travelling wave along the longitudinal direction (z direction)
of both WG1 and WG2 needs to be appropriately tapered. As
such, the required Su(z") can be derived from the phase
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Fig. 2. Transverse and longitudinal views of (a) WG1 and (b) WG2.
Transverse equivalent networks of (¢) WGI and (d) WG2.

differences in the near field between an arbitrary position in
the xz-plane above the position of each radiator, in the range
-0.5L <z'<0.5L, and the focusing position Sn(xs, Vs, Zsn) Where
n can be 1 or 2 depending on the waveguide under
consideration. The fi(z") for WG1 and WG2 can therefore be
expressed as [17]

e (M
Je, -7 =<
and
By (=) = ey~ @)

Nz =2y =x;

respectively. Note that the same positive value of zs can be
used in both (1) and (2) as the negative sign for focusing in the
backward quadrant in the case of WGI is introduced into (2)
by virtue of -£i(z).

Having (1) and (2), the next step is to then actualize the
physical tapering in WG1 and WG2. To accomplish this, the
equivalent networks of both waveguides are used as presented
in [15] and [16] to derive a relationship between the £ and
some physical parameter we wish to taper to achieve (1) and
(2). For WG, the characteristic equation for the dominant TE
mode from (32) to (34) in [15] is
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Equation (4) is the short-circuited input admittance of the
corrugation in Fig. 2(a) with length ¢ whereas (5) is a similar
value for the waveguide section viewed upwards from the
reference plane set at x = ¢ in Fig. 2(c) with length 5. The
periodicity of the corrugations are included in the term in
square brackets in (5). For WG2 represented in Fig. 2(b) and
(d), the equation describing the network is [16]

Y;m,z = Yo,z + K,z =0 )
where
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in which the variables in (10) and (11) are as outlined in
equations (4) to (7) and (9) in [16].

In the proposed structure, we wish to physically achieve (1)
and (2) by tapering the waveguide broad wall heights, a,. This
physical variable was selected owing to the relative
manufacturing ease and anticipated fine periodicity of the
Su(z") which would allow maximum possible resolution
compared to other physical variables. To separate the
operation of the two waveguides and avoid interference
between the radiated electric fields from WG1 and WG2,
WGI is air-filled (&,%° = 1) whereas WG2 is dielectric filled
(&"S = 2.1) thereby lowering the cutoff frequency, and
consequently the operating frequency range, of WG2.

To derive the relationship between a, and S, a1 was
changed in (6) to (8) in the range 5 mm < a; < 5.625 mm in
0.125 mm increments for WG1 with » = 2.5 mm, f = 2.5 mm,
p=15mm, w=1.175 mm and &5 = 2.75. Similarly, a, was
varied in the range 5 mm < @, < 6 mm with g = 1 mm in 0.25
mm increments for WG2 as indicated in Fig. 3 (a) with &V0 =
2.1. These equations with the different values of a, were then
substituted into (3) to (5) and (9) to (11) and solved
numerically for the normalized wavenumbers in the
longitudinal direction, k;; and k» in WGl and WG2
respectively. To solve for k.1, the limits of the solution were
set to be 0 < S, <1 for the real part with a;; = 0 for the
imaginary part. This is because the closed waveguide model is
used in this case. However, because the -£ exists in the cutoff
region, the introduction of a slit would have no influence on
the —f [18] thereby enabling the use of the closed waveguide
model. In the case of WG2, the limits were set as 0 < ., < 1
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Fig. 3. Normalized (a) phase constant of WG1 (&% = 1) and WG2 (& =
2.1). Required (b) normalized phase constant distribution (f(z") to focus on
S1 and S2 and corresponding a(z").

and 0 < an< 1.

The design frequencies were then selected as 26.5 GHz and
23 GHz for WGl and WG2 respectively with the
understanding that with these two values, the operation of
WGI1 and WG2 would be separated. The operation of WG2
would be in the cutoff region of WG1 and the positive S range
of WG1 would be in the end fire operation of WG2. With this
in mind, the relationship between a, and normalized f, at the
design frequencies was then derived by interpolation and was
found to be

a(z') = 0.7554[%2’)]+5.6432 (12)
a,(z') = 2.8289(@%2')j+3.2634 (13)

for WG1 and WG2. The results of (12) and (13) are plotted in
Fig. 3 for L = 200 mm with (1) and (2) substituted in and,
interestingly, both (12) and (13) are in the same direction
which hints at the possibility of achieving a similar backwards
to forwards quadrant scanning NFF structure based on a single
waveguide.

A prototype with (12) and (13) was fabricated and is
indicated in Fig. 4. To divide the input power between the two
waveguides, a sharply tapered divider of 2 mm width was used
to prevent reflections back to the WR28 waveguide to co-ax
adapter used as the feed. The dielectric fillings used within the
corrugations in WG1 and the dielectric filling in WG2 were
fabricated by 3D printing using polylactic acid (PLA) material
with dielectric constant of &P = 2.75 and as such the loss
tangent of PLA was considered in the derivation of (12) and
(13) as tan & = 0.01. The &WVY = 2.1 was accomplished by
setting the filling rate, = (e,V% - 1)/(&,° - 1) = 0.63.

The broad wall height at the section interfaced with the feed
was set to be ap = 7.112 mm to match the feed dimensions.
The an was then flared into ap = 8 mm which was then
divided into ¢; = 9 mm to allow the propagation in the required
operating frequency range of 21.5 GHz to 30.5 GHz. A
matching layer section was added to WG2 to minimize
reflections to the feed with A = 1.5 mm and A = 3.5 mm
which were decided upon by following the guidelines outlined
in [19] at 23 GHz for &%C = 2.1. To allow the leakage of the
travelling wave within the WG1 and WQG2, the longitudinal
slit was placed offset from the center with d = 1.5 mm in both
WGI1 and WG2 and the taper of a, being effected by d'. In
addition to the longitudinal slit with g = 1 for both structures,

© 2023 IEEE. Personal use is

| 10 mm ‘20mm‘ 20 mm |

Top plate with radiating slits
(b)

Fig. 4. Fabricated prototype (a) without the top plate installed and (b) with the
top plate installed.
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Fig. 5. The (a) focusing gain (FG) of the proposed structure and (b) the
attenuation constant distribution (a(z")) and corresponding radiation efficiency

distribution (77¢4(z")).

shorter transverse slots were introduced along the length of the
longitudinal slits with length /s = 4 mm, width ws = 1 mm and
with a periodicity of 3.5 mm to allow the radiation of not only
the y component of the electric field from the longitudinal slit,
but also the z-component thereby achieving a 45°shifted linear
polarization along the yz-plane, which may be useful for
imaging applications to allow the detection and subsequent
imaging of arbitrarily oriented objects by polarization
diversity without having to move the antennas physically.

B. Focusing Gain, Efficiency, Resolution and Scanning Range

A metric that can be used to characterize NFF structures is
the focusing gain (FG) which is defined as the ratio of the
power density of the NFF structure to the power density of the
corresponding untapered structure in the far field [20] - [22].
As such, the FG of the proposed structure was calculated from
full-wave simulation results and is shown in Fig. 5(a) where
the average FG for WG1 was found to be 25 dBi whereas that
of WG2 was found to be 23 dBi indicating a drop of 2 dB
between the backward to forward quadrant. This drop may be
partly attributed to the design frequency of WG2, from Fig.
3(a), being close to the surface wave operation (/. > ko) for the
given values of g which may lead to a drop in the radiated
electric field at the focusing spot as f'is increased.

To evaluate the radiation efficiency, 7.4, of the proposed
NFF structure, the following expression was used

72.[:5La(2,)d2/

n.(zH)=1-e (14)
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where the a(z') for WG2 was extracted using the equivalent
network (as fi(z") exists in the cutoff region of WGI1) and is
indicated in Fig. 5(b). This o(z") was plugged into (14) and the
average 7j.a was found to be 0.9043 at 23 GHz.

To evaluate the illumination efficiency 7; = 77,7 where 7
was found to be 1 by setting z' = 0.5L in (14). The phase and
taper efficiency, 7,7, were then found by calculating the
difference between the peak directivity in the analytical case
(with continuous phase tapering) with the peak directivity
extracted from the simulation and the difference (in dB)
between the two values being the phase and taper loss. The
near field directivity, D, was defined by [23]

D=— % (15)
FWHM
where FWHM is the full width at half maximum. The average
i between WG1 and WG2 was found to be 0.6118.

The fabricated prototype was then measured using the
experiment setup indicated in Fig. 6 where the OEWG was
moved along the z-axis at x = x; with y = y; = 0 and the
transmission coefficient between the OEWG and the LWA
was measured for each position z and the results indicated in
Fig. 7(a) and (c). To prevent reflections from the OEWG
holder, it was 3D printed using = 0.25 to achieve a dielectric
constant of g = 1.44. The average mismatch efficiency, 7,
was then found to be 0.8726 from the measured return loss in
Fig. 7(a) for the operating frequency range. The overall
average efficiency of the proposed structure was then found to
be 0.4844.

The resolution of the proposed structure along the z
direction, as observed from the 3dB width in measurement
results in Fig. 7(c), seems to average about 33 mm for WG1
and about 32 mm for WG2 which indicates stable resolution in
both the backward and forward quadrants. From Fig. 7(b), the
maximum simulated scanning range was found to be about 89°
taking -177 mm < z < 200 mm with x = 195 mm. However, in
the measured case, the scanning range was found to be about
73° taking -125 mm < z < 160 mm which, though short of the
expected 90°, is significantly greater than the 6° and 38° in [2]
and [3] respectively or the theoretically achievable maximum
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Fig. 7. Return loss (a) of proposed structure and corresponding mismatch
efficiency (7(f)). Simulated radiated electric field along the z-direction (b)
and the (c) measured electric field distribution.

of 45° in [4] — [6] or the 23° achieved in [9] thereby validating
the usefulness of the proposed structure.

Despite the extended scanning range achieved using the
proposed structure, a challenge apparent from the
measurement results is the drop in the radiated electric field at
some frequencies, especially in the low frequency region. This
is attributed to the cutoff effect appearing at these frequencies
owing to the use of WR28 coax to waveguide adapter which is
not designed to perform optimally at the affected frequencies.
As such, future designs would take this into account to further
optimize the feed and improve the achieved performance.

III. CONCLUSION

In this letter, a frequency scanning NFF LWA structure with
a significantly increased scanning range making use of a
single-port excitation dual-waveguide design was proposed
and the stated goal of a significantly increased scanning range
was verified by simulation and experimentally. The prototype
was shown to achieve a theoretical scanning range of about
89° and a measured scanning range of about 73° with the
difference being attributed to a sub-optimal feed design. Apart
from the optimization of the feed, a possible future direction
would be to reduce the dual-waveguide design to a single
waveguide structure thereby reducing the physical profile even
further.
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