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Low-Cost and Small Size Millimeter Wave (24GHz) Extended
Hemispherical Lens Antenna for Automotive and Industrial

Applications Using FR408HR Substrate
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Abstract—For the first time, an extended hemispherical integrated lens antenna on a low-cost
substrate, FR408HR, is presented. The antenna is designed for industrial and automotive radar sensor
applications operating in the 24GHz ISM band. The proposed antenna has a gain of 15.2 dBi, low
sidelobes, and half-power beamwidth of 16 degrees. To reduce the cost, we used low loss materials;
Teflon for the lens and low-cost FR408HR as a patch antenna substrate. The size of the reported 24GHz
antenna is small. The diameter of the base of the lens is 38mm (3 times of free space wavelength),
and its height is 43.5mm (with an extended height of 24.5mm). Simulated results match well with
measurements.

1. INTRODUCTION

As technology develops rapidly, so does the demand for high-precision radar sensors and wireless sensor
networks. Different types and configurations of radar sensors are available for different applications.
After having been extensively used in defense applications, radar sensors have found various applications
in other domains. Self-driving/driverless cars use radar sensors. The research community has reported
short-range, mid-range, and long-range automotive radar sensors [1–4]. 24GHz and 77GHz are two
popular mm-Wave frequencies for automotive radar development. These sensors are used in automatic
cruise control, stop-and-go, and parking aid applications. In addition to advanced driving assistance
systems, low-cost radar sensors are also finding their applications in the areas such as intelligent
industrial control, precision agriculture, and smart home. Level sensors, imaging sensors, and gesture
sensors are some other examples where radar sensors have found their applications.

Because of the growing massive deployment of IoT sensors, 24GHz ISM band (24GHz–24.250GHz)
is an attractive option for the development of radar sensors as going up in frequency (e.g., 77GHz) which
increases the development cost. Most of these applications require radar sensors with high gain and
narrow beamwidth for sensing requirements but with low cost as they need to be massively deployed.
One typical solution to achieve high gain and narrow beamwidth is the use of patch antenna arrays,
but this solution comes with the cost of losses caused by large feeding networks for large antenna arrays
to meet the requirements of high gain. The most promising solution to avoid these losses and obtain
the required performance is the use of lens antenna. It removes the feed-related issues as there is only
one feed element. Parabolic reflectors are also one of the candidates to serve the above-mentioned
purposes, but lens antenna is better in performance as (for lens antenna case) the feed of lens antenna is
located behind the lens thus eliminating the aperture blockage issues. Aperture blockage and supporting
struts are the main issues in parabolic reflectors. Lens antenna is a good solution for the applications,
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which provides advantages such as low sidelobes, high gain, low noise temperature, beam agility with
low distortions, and cross-polarization [5]. Spherical lens has low scan loss and wide bandwidth with
the option of multiple beams from a common aperture. A lot of work has been reported for lens
antenna design at 77GHz [4, 6], 28GHz [7], and 60GHz [8], but these antennas are designed at high
frequencies using expensive RF substrates like Rogers RT/duroid R⃝ 5880. A few 24GHz antennas have
also been reported, but they are also designed on Rogers substrates and use expensive material for lens
design. Recently, a published research article [9] reported the characterization of low-cost FR4 based
substrates. According to this analysis, the FR408 substrate shows decent performance at 24GHz, which
was confirmed by calculating its electrical parameters by designing a ring resonator at 24GHz on the
FR408HR substrate. The cost reduction ranges from 5 to 7 times compared with LCP and RO3003
materials.

To solve the issue of higher cost of radar sensors, we have used low loss Teflon to fabricate the lens,
and for the first time, we are reporting promising results of lens antenna by using a low-cost substrate
FR408HR.

This paper particularly proposes and explains the design of an extended hemispherical lens
antenna for various short-range applications (industrial robots, intelligent machine control, controlling
streetlights, intrusion detection, automotive radars, and other point to point applications), which require
small size, low-cost, and narrow beam antennas. This work demonstrates the suitability of a low form-
factor antenna with high gain and narrow beamwidth requirements on a low-cost substrate FR408 HR
that will facilitate the large scale deployment of such sensors in different domains.

2. ANTENNA STRUCTURE & DESIGN

2.1. Patch Antenna

Lens antenna design is divided into two parts. The basic radiating element for this lens antenna is a
compact patch antenna (Figure 1) fed with a microstrip line and excited using an aperture coupling
feeding method. It has a compact structure and can be easily integrated with the lens as the feeding
antenna. Antenna substrate size is Lg ×Wg (65mm× 60mm) as shown in Figure 3. The rectangular
patch and feeding network both are designed on a low-cost substrate FR408HR. It has a low dielectric
constant (ϵr = 3.64) and low loss tangent (tan δ = 0.0092) with significantly reduced cost compared to
Rogers RT Duroid substrates. The antenna substrate has a thickness of h1 (12mils), which is selected to
fulfill the stack-up fabrication requirements in such a way that the antenna performance is not disturbed.
It is designed and optimized for 24GHz, which is the desired millimeter-wave frequency (ISM band) at
which a radar sensor is to be designed. The lower substrate has a thickness of h2 (24mil). The aperture
coupled patch antenna uses a three-layer design with microstrip feed on the bottom side and patch
antenna on the top with the ground plane in between them. This layer stack-up allows the integration
of radar chipsets on the bottom side to further reduce the footprint of the radar sensor.

(a) (b)

Figure 1. Aperture coupled patch antenna to be used under the lens. (a) Top view. (b) Side view.
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Figure 2. Side view of the Simulated Lens antenna with end launch connector.

Figure 3. (Top view) Extended hemispherical lens antenna simulated model with connector and
dummy layers.

2.2. Extended Hemispherical Lens Antenna Design

The second part consists of the design of the lens as shown in Figure 2. The lens antenna works on
the principle of an optical lens. It focusses antenna radiations at a point called the focal point. The
radiating source is placed at the focal point to collimate the beam. A lens was designed to increase
the gain and reduce the beamwidth. Different types of lenses exhibit different characteristics depending
upon their shape and refractive indices. We used an extended hemispherical integrated lens because of
its simple shape and ease of fabrication. It consists of half-sphere of radius R, and extended height of
H.Directivity of the lens with collimating aperture is given by lens aperture area and calculated using
the expression (1) below [10].

Do = 20 log

(
2πR

λo

)
(1)

Here λo (12.5mm) is the free space wavelength, and R (19mm) is the lens radius. The calculated value of
directivity (19.5 dBi) is very close to the designed antenna Do (18.67 dBi). Gain value (15.2) is lower as
it incorporates conductor loss, dielectric loss, and feed spill over losses. We used a ratio (extended length
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to radius ratio) of 1.2 rather than a typical value of 1√
ϵr

(0.7) to achieve maximum gain. This higher

ratio causes sharpening of both E & H planes with focusing effect [11]. The electromagnetic waves
emanating from the hemispherical lens are collimated (parallel) and help to achieve a narrow beam.
As far as the selection of material of lens is concerned, we performed different simulations in which
different materials were used for the lens, but Teflon (ϵr= 2.1, tan δ= 0.001, n=

√
ϵr= 1.1) performed

better because it had low loss, and its electrical properties closely matched the substrate used for patch
antenna [12, 13]. The base of the lens has a ring around it to provide better support to the lens on the
substrate (using adhesive material or screws). With better adhesive material, this extension ring can
be avoided, and the size of the lens can be further reduced. The diameter and total height of of the
designed lens are 38mm and 43.5mm, respectively. Its height could be reduced [7] by using a lens with
high permittivity. Nevertheless, they are expensive, lossy, and make the machining of the lens difficult.
Another solution is to create an air cavity and reduce the lens height by decreasing its focal length but
at the cost of gain [7].

The following Equation (2) provides a relationship between the diameter of the base of the lens
and its associated 3-dB beam width [5]:

θ3 dB ≈ 68λo

DH

θ3 dB ≈ 57λo

DE

(2)

where DE (38mm) and DH (38mm) are the lens dimensions in H- & E-planes, respectively.
The above Equation (2) gives calculated values of half-power beam width for H & E planes, 21

degrees and 18 degrees, respectively. The measured values of beamwidth (16 and 15.5 degrees for H
& E planes, respectively) are lower as the above expression just counts the effect of radius of the lens
without considering the effect of beam sharpening caused by increasing the extended height [11].

Figures 2 & 3 show the top and side views of the lens antenna, respectively. Figure 4 shows the
stack-up of the lens antenna. The microstrip line is on the bottom layer to feed the patch element.
Above the microstrip line, there are three layers of copper, which are described as dummy layers as
shown in Figure 3. Dummy lines were added for testing purpose so that we could check if dc/digital
lines running on these layers have any effect on the antenna performance. Through simulations and
measurements, it was verified that antenna performance did not deteriorate in the presence of dummy
lines. The ground plane (M6 layer) has a rectangular cut in it for aperture coupling to the patch
element. The topmost layer has a Teflon lens with an extended hemispherical shape, which acts as a
lens and reduces the beamwidth while increasing the directivity. A 4mil prepreg is used in between two
copper layers to realize a multilayer stack up.

Figure 4. Integrated lens antenna stack-up.
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Figure 5. Measurement setup with an EM absorber block on the back of Lens antenna.

Figure 6. Return loss of single element patch,
measured and simulated lens antenna.

f (GHz) Gain (dB) 

23.8 15.52 

24 15.2 

24.2 14.38 

24.6 12.72 

Figure 7. Measured and simulated E & H plane
radiation pattern for individual patch and lens
antenna.

3. RESULTS AND DISCUSSIONS

Figure 5 shows the measurement setup in which lens antenna is mounted on an EM absorber in an
anechoic chamber. The radiation patterns and return loss of the antenna were measured using this
measurement setup.

Figures 6 and 7 show the measured and simulated results for the patch and lens antenna. In
Figure 6, the simulated reflection coefficient matches well with measured reflection coefficients of lens
antenna. It is evident from results in Figure 6 that impedance bandwidth is 1.4GHz for simulated and
2GHz for the measured case with a center frequency of 24GHz, which is far more than the required
bandwidth of 200MHz for radar applications. Measured and simulated radiation patterns are shown
in Figure 7. The radiation patterns are clean with half-power beamwidth of 16 degrees and a gain of
15.2 dBi. A table is also added in Figure 7 showing the values of gain at different frequencies near the
center frequency of the lens antenna. It is evident from results in Figure 7 that simulated and measured
radiation patterns match well.

One of the most important aspects about this antenna design is its robustness to fabrication
tolerances. The performance of the lens antenna is not affected by over-etching effects during fabrication.
Moreover, the performance of lens is not disturbed by small misplacement of the Teflon lens as shown
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Figure 8. Tolerance analysis of E & H-plane
radiation pattern.

Figure 9. Tolerance analysis of return loss of
proposed antenna.

in Figures 8 & 9. Figures 8 & 9 show the tolerance analysis for gain and reflection coefficient,
respectively for different offset values in horizontal and vertical directions. The antenna results for
both return reflection coefficient and radiation pattern have been measured with 2.92mm end launch
connector manufactured by SV Microwave Corporation. There is no performance deterioration caused
by connector attachment, which exhibits antenna robustness to different metal effects in close vicinity
of antenna elements.

The work presented in this paper is compared (Table 1) with other lens antenna developments in
the literature, and it is clear from Table 1 that the lens antenna presented in this paper has advantage
in terms of cost while not degrading the performance of the antenna significantly. The gain of some
antennas reported in Table 1 is large because of the large diameter (in terms of wavelength) of the lens.

Table 1. Comparison of performance parameters for the lens antenna.

Frequency
Gain

(dB)

HPBW

(Degrees)

Lens

Material

(εr)

Antenna

Substrate

(εr)

Lens

Diameter

Antenna

Subs.

Cost

This

Paper
24GHz 15.2 16 Teflon (2.1) FR408HR (3.64) 3λo X

[4] 77GHz 20.2 20 -
Rogers RT/Duroid

5880 (2.6)
9λo > 4X

[7] 28GHz 21.8 - Rexolite (2.3)
Rogers Duröıd

5880 (2.23)
4λo > 4X

[14] 77GHz - 10 Teflon (2.2)
Rogers Duröıd

5880 (2.23)
6.4λo > 4X

[15] 77GHz 27 - Teflon (2.2) - 25.7λo -

[16] 60GHz 16 -
poly-phenyle-

nesulfide (3.2)
Rogers 5870 (2.2) 5λo > 4X
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4. CONCLUSION

A state of the art, low cost (that will reduce the cost by 5 to 7 times), and small form factor lens
antenna is presented using a low-cost low-loss FR408HR substrate. Placing the lens made of teflon on
the patch antenna increases the gain to 15.2 dBi with a narrow 3 dB beamwidth of 16 degrees. Isola
FR408HR provided excellent performance without compromising the performance of the antenna and
is advantageous in terms of cost saving and massive deployment of radar sensors. The presented work
proposes the development of antennas in 24GHz ISM band using a low-cost FR408HR substrate. This
work paves the way for the development of low-cost, short-range automotive and other industrial radar
sensors.

REFERENCES

1. Tekkouk, K., M. Ettorre, R. Sauleau, and M. Casaletti, “Folded Rotman lens multibeam antenna
in SIW technology at 24GHz,” 2012 6th European Conference on Antennas and Propagation
(EUCAP), 2308–2310, Prague, 2012.

2. Binzer, T., M. Klar, and V. GroB, “Development of 77GHz radar lens antennas for automotive
applications based on given requirements,” 2007 2nd International ITG Conference on Antennas,
205–209, Munich, 2007.

3. Lutz, S. and T. Walter, “Lens based 77GHz TDM MIMO radar sensor for angular estimation in
multitarget environments,” 2013 European Radar Conference, 212–215, Nuremberg, 2013.

4. Wang, H. N., Y. T. Huang, and S. J. Chung, “A dielectric lens antenna feeding with microstrip
patch antennas for 77GHz long range radar application,” 2012 Asia Pacific Microwave Conference
Proceedings, 412–414, Kaohsiung, 2012.

5. Thornton, J. and K.-C. Huang, Modern Lens Antennas for Communications Engineering, Vol. 39,
John Wiley & Sons, 2013.

6. Artemenko, A., A. Mozharovskiy, A. Maltsev, R. Maslennikov, A. Sevastyanov, and V. Ssorin,
“2D electronically beam steerable integrated lens antennas for mmWave applications,” 2012 42nd
European Microwave Conference, 213–216, Amsterdam, 2012.

7. Nguyen, N. T., A. Rolland, A. V. Boriskin, G. Valerio, L. Le Coq, and R. Sauleau, “Size and
weight reduction of integrated lens antennas using a cylindrical air cavity,” IEEE Transactions on
Antennas and Propagation, Vol. 60, No. 12, 5993–5998, Dec. 2012.

8. Mozharovskiy, A., A. Artemenko, V. Ssorin, R. Maslennikov, and A. Sevastyanov, “High gain
millimeter-wave lens antennas with improved aperture efficiency,” 2015 9th European Conference
on Antennas and Propagation (EuCAP), 1–5, Lisbon, 2015.

9. Anderson, C. S., S. R. Aroor, and R. M. Henderson, “Closed-form and dispersive model
considerations for relative permittivity extraction at millimetre-wave frequencies,” IET Microwaves,
Antennas & Propagation, Vol. 9, No. 14, 1638–1644, 2015.

10. Vorst van der, M. J. M., “Integrated lens antennas for submillimetre-wave applications,” Technische
Universiteit Eindhoven, Eindhoven, 1999, DOI: 10.6100/IR521250.

11. Kobayashi, H. and Y. Yasuoka, “Receiving properties of extended hemispherical lens coupled
slot antennas for 94GHz millimeter wave radiation,” Electronics and Communications in Japan
Part I — Communications — Electron. Commun. Jpn. I., Vol. 84, 32–40, 2001, 10.1002/1520-
6424(200106)84:63.0.CO;2-V.

12. Komljenovic, T., “Lens antennas — Analysis and synthesis at mm-waves.”

13. Fernandes, C. A., E. B. Lima, and J. R. Costa, “Dielectric lens antennas,” Handbook of Antenna
Technologies, 1–54, 2014.

14. Porter, B. G., L. L. Rauth, J. R. Mura, and S. S. Gearhart, “Dual-polarized slot-coupled patch
antennas on Duroid with teflon lenses for 76.5-GHz automotive radar systems,” IEEE Transactions
on Antennas and Propagation, Vol. 47, No. 12, 1836–1842, Dec. 1999.



80 Ahmad et al.

15. Karttunen, A., J. Ala-Laurinaho, R. Sauleau, and A. V. Räisänen, “A study of extended
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