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Series feeds are commonly used in antenna arrays because of their compact size and low loss compared to corporate feeds but
typically feature beam squint over wide bandwidths. This work proposes a series-fed waveguide horn array with reduced beam
squint by introducing synthesized time delay sections between the horns and the feed line. The array, implemented in a WR42
waveguide, achieves 1.53° beam squint over a 4GHz operating band, compared to 10.52° for a reference design without time
delay compensation.

1. Introduction

In antenna applications where high directivity is required
over broad bandwidths, such as satellite communications
and point-to-point links, arrays with corporate feed
networks are commonly used because the feed network pre-
serves equal phases at all output ports over wide bandwidths
[1]. In contrast, series-fed arrays exhibit beam squint over
wide bandwidths [2] due to the difference in propagation
path length between the port and the array elements [2–4],
which limit their value in next-generation broadband appli-
cations. Series feeds do present several advantages over
corporate feeds, one of which is greater flexibility in array
design as array sizes are not limited to 2n elements. Series
feeds can also be designed to be more compact and can
achieve higher efficiencies [5–7], which has motivated
research into the solution of the beam squint problem. Beam
squint in leaky wave antennas is usually overcome with a
compensation lens at the output of the antenna that corrects
the beam by squinting the beam in the opposite direction [8,
9]. These lenses increase the size of the antenna assembly
and complicate construction. A classical method to address
the problem is to implement true time delay beamforming
with RF photonics [3], where the RF signal between the feed
branch and radiator is transduced to optical fibre and the

delay is controlled by optical means. While this is a flexible
and effective method to control the beam, it requires
substantial support electronics (including RF-to-laser trans-
ducers) which increases cost and complexity. Another
potential solution is the inclusion of negative group delay
(NGD) circuits in the feedline to create a superluminal or
negative phase velocity (depending on steering angle) in
the feedline [10, 11]. The inclusion of NGD circuits signifi-
cantly complicates the construction of the array, limits the
operating bandwidth, and introduces unwanted nonlinear-
ity, noise, and potential instability in the system [2]. The
solution also requires theoretically infinite phase velocity
for a perfectly broadside steered beam. A passive solution
to beam squint has been presented, whereby time delay sec-
tions of varying delays are inserted between the feedline and
the array antennas to equalize the total amount of time delay
between the array feed port and the individual radiators. The
advantage with this approach is that no active circuitry is
needed in the feedline, while still having a beam which has
a constant direction. This work extends on previous efforts
[1] by demonstrating, for the first time, a waveguide imple-
mentation of the principle suitable for K-band satcom appli-
cations. We demonstrate that, by adding synthesized
sinusoidal delay sections between the series feed waveguide
and the radiators, the beam squint over a wide bandwidth

Hindawi
International Journal of RF and Microwave Computer-Aided Engineering
Volume 2023, Article ID 1319502, 6 pages
https://doi.org/10.1155/2023/1319502

https://orcid.org/0000-0003-0099-0967
https://orcid.org/0000-0003-1600-6135
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/1319502


can be reduced substantially while preserving the linear
arrangement of radiators in the array.

2. Array Design

The four-element antenna was designed to operate in the K-
band centred at 22.5GHz with a broadside beam. The array
is made up of T-junction power dividers, sinusoidal time
delays, waveguide horn antennas, and a straight section of
a WR42 waveguide. Waveguide horns were selected as radi-
ators for their ease of printing, wide bandwidth, and finite
directivity (which is required to suppress array grating
lobes), though the concept demonstrated here may be
applied to other types of radiators as well. Figure 1 shows a
diagram of the antenna array when assembled. The power
dividers are reactive T-junction power dividers [12], using
an inductive iris and a septum to control the power split
between the two output ports. The feed line was assembled
by cascading three T-junction sections, with an E-plane
bend used to feed the fourth branch. 10.1 dBi gain horns
of aperture 15:24 × 19:47mm and length 37.25mm were
used as radiators.

For peak directivity, the radiators were required to be
spaced at 0.9 λ or 11.9mm, which left no space for any of
the horns to flare out. The spacing was adjusted for the next
peak in directivity, leading to a spacing of 22.5mm. This has
the disadvantage that grating lobes are moved towards the
main lobe. Considering that the array is a proof-of-
concept design to demonstrate anti-beam squint properties,
this was not seen as a major disadvantage. Reduction of the
grating lobes was achieved by the patterns of the individual
horn antennas.

2.1. Time Delay Sections. The challenge in the design of the
delay sections was to ensure broadband equal time delay
between the array feed port and the individual radiators,
despite the dissimilar physical distance. To this end, sinusoi-
dal time delay sections [13] were implemented, selected for
their suitability to additive manufacturing. These sections
have no hanging edges in the waveguide interior, preventing
the need for internal support structures and the associated
protrusions and roughness after removal of the supports.
The top and bottom walls of the time delay sections follow
a sinusoidal pattern (Figure 2) extending between ports with
cosine shaping extending for 3 periods (16.67mm) from the
input and output ports. The delay is controlled by varying
the period and amplitude of the sinusoidal pattern. Uniform
sinusoids were used, as nonuniform sinusoidal corrugations
have transmission magnitude filtering properties [14] which
are undesired in this application. The time delay sections all
have a fixed length of 100mm to effect a linear array
arrangement (Figure 1). A straight WR42 waveguide section
feeds the final branch, while the delays preserve equal time
delay at the radiators while considering the delay effect of
the T-junctions as well. These delays were then tuned in a
full-wave simulation, with no excitation of higher-order
modes observed at the simulated ports.

3. Fabrication

The CAD files used to print parts were exported directly
from those simulated in CST Studio Suite 2022. The wave-
guide parts were manufactured using SLA printing on a
Form Lab Form 3 [15] using the manufacturer’s white resin.
The parts were then silver plated using a modified Tollens
reaction [16]. This is a simple electroless plating reaction
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Figure 1: Annotated top-down view of the array antenna. Input of
the antenna is on the bottom right and is referred to as port 1.
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Figure 2: Section view showing the sinusoidal corrugation of the
time delay sections.
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that requires silver nitrate, ammonium hydroxide, sodium
hydroxide, and dextrose, but no hazardous etching agents.
The total manufacturing for the array was below 230 USD.
The antenna that was made from individual parts is then
assembled to produce the final array. This was done so the
performance of the individual parts could be verified [17].
A reference design was also assembled for comparison, with
the three delay line sections all replaced with straight wave-
guide sections, to measure the beam squint of a conventional
array. This design represents the current state-of-the-art in
series-fed waveguide array design that does not require
lenses, reflectors, RF photonics, or other active circuitry.
The standard array is referred to as the uncompensated array
in this work while the compensated array uses time delay sec-
tions to compensate for the beam squint. The manufacturing
process is discussed in more detail elsewhere [17, 18].

4. Experimental Results

The array was measured in a compact range (shown in
Figure 3), with measurements taken at 500MHz increments
from 18 to 27GHz across 360° azimuth and elevation angles.
Boresight gain was also measured from 18 to 27GHz. The
array feed network was measured on an Anritsu MS6467A
vector network analyser.

4.1. Feed Network Results. The port parameters of the
network are shown in Figure 4. The frequency response is
dominated by the response of the power combiners while
the time delays and horns had little effect. In all cases, the
match was better than −20dB in the band of 21.5GHz to
23.5GHz, which translates to a VSWR of less than 1.22. This
makes the array suitable for use in ITU Region 1 for several
satcom applications, including the upper channels of the
broadcast satellite band at 21.4-22GHz, the 22.21-22.5GHz
earth exploration satellite band, and both intersatellite bands
of 22.55GHz-23.15GHz and 23.15GHz-23.55GHz. The pow-
ers reaching the radiators are all within 1.2 dB of the ideal
−6dB across the band of 21.5-23.5GHz. This limited operat-
ing band is largely a function of the bandwidth of the power
dividers. On average, the power is less than −6dB in the band
because of losses in the waveguide. In Figure 5, the group delay
of the signals arriving at the horns is shown.

–5.0

–7.5

–10.0

–12.5

–15.0

S-
pa

ra
m

et
er

 m
ag

ni
tu

de
 (d

B)

–17.5

–20.0

–22.5

–25.0
18 20 22 24

Frequency (GHz)

S11
S51
S41

S31
S21

26

Figure 4: Measured S21 of the feed network.
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Figure 5: Group delays from the input port to the output ports.

Figure 3: Antenna array on the measurement pedestal.
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The Figure 5 illustrates the effects of the time delay
sections. Despite all paths having different lengths, the
group delays are similar within 0.3 ns in the band 21.5-
22.5GHz, resulting in nearly equal phases at the output
of the feed network.

4.2. Array Results. The radiation pattern measured in a com-
pact range is shown in Figure 6. The compensated array
achieved a peak gain of 15.50 dBi (Figure 6) while the simu-
lated array achieved a gain of 18.85 dBi (Figure 7). The
reduced gain can be attributed to loss in the silver plating
and accuracy of the SLA printing, with the excess losses in
the delay lines ranging from 0.5 to 2.5 dB.

Whereas the main lobe of the array with compensation
maintains its direction throughout the band of interest
with minor deviation, the uncompensated array exhibits
squint throughout the frequency range. Over the band of
21.5-25.5GHz, the compensated array exhibits less than

1.53° beam steering variation, while the uncompensated
beam varies by 10.52° over a similar bandwidth (20-
24GHz) (Figure 8).

The uncompensated array (Figure 9) achieved a peak
gain of 14.5 dBi, with the reduced gain attributed to a mis-
match in the phases of the waves arriving at the horns.
The measured side lobe level (SLL) of the compensated array
was 7.30 dBi at 23.5GHz compared to 8.27 dB in the simula-
tion, with the uncompensated array featuring 6.88 dB SLL at
20GHz compared to 7.24 dB in the simulation. The low SLL
in both designs is a result of uniform excitation amplitude
and 1.7 λ0 array spacing. It further reduces over frequency,
reaching 0 dB in places where the grating lobe becomes the
main lobe. As expected, the elevation gain in the H-plane
(shown in Figure 10) is more consistent over frequency,
since there are no horns placed along an axis that would
affect the elevation pattern shape.
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Figure 6: Measured copolar pattern for the compensated array.
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Figure 7: Simulated copolar pattern for the compensated antenna
array.
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Figure 8: Beam squint vs. frequency. The compensated array is
compared to the compensated array.
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Figure 9: Measured copolar pattern for the uncompensated array.
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5. Conclusions

Two WR42 series-fed horn antenna arrays were manufac-
tured, with one featuring synthesized delay paths between
the feedline and the radiators and the other without this
compensation. It is demonstrated that the inclusion of delay
equalization reduced the beam squint from 10.52° to 1.53°

over a 4GHz bandwidth at K-band. The bandwidth of the
array is further found to be highly dependent on the band-
width of the time delay sections. Future work will seek to
reduce the size of the delay line sections and improve the
operating bandwidth of the array even further.

Data Availability

The s2p and antenna pattern data used to support the find-
ings of this study have been deposited in the University of
Pretoria’s data management platform. The following link
can be used to access the repo: https://figshare.com/s/
94aa463ae67eb8a75efc.
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Figure 10: Compensated array elevation patterns.
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