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Abstract

In this paper 3D electromagnetic simulations of an antenna ar-

ray have been performed. The array is intended for automo-

tive radar applications at 24 GHz. It is constructed from dipole

antenna element patches, which are fed in the center by a dif-

ferential signal.

The dipole antenna element patches are simulated assuming

a standard off the shelf substrate. They have a standing wave

ratio less than 3 from 22.5 GHz to 24.5 GHz, when matched

to 60 Ω. The directivity of the dipole patch is 9 dBi.

The array consists of 24 elements giving it a physical size

of 150 mm, with a groundplane of 200×100 mm2. An an-

tenna of that size is easy to integrate in a car. Beam steer-

ing can be accomplished by changing the phases of the sig-

nals to the different elements [1], thus making the arrange-

ment mechanically robust since the antenna does not have

to move. The directivity for the antenna array is larger than

9.4 dBi for a steering angle of ±7◦ and the half power

beam width is smaller than 6◦ over the same steering an-

gle.

1. INTRODUCTION

The car industry and the legislators are very interested in

an automotive radar system. The injuries from car colli-

sions cost the society a lot both in medical bills and in hu-

man tragedies. In the United States (US) alone motor vehi-

cle crashes accounted for 42,000 deaths, more than 5.3 mil-

lion injuries, and over $231 billion in economic losses in

2000 [2].

Today there are already automotive radars available [3]–

[5]. These system are either based on microwave sig-

nals or laser. Today’s systems add about $1,500 - $3,000 to

the cost of a car [3]. This is too much if the radar is go-

ing to be an every car commodity and thus decrease the in-

juries, deaths, and the cost of car crashes. The price tag

is why the focus in [1] was directed to digital CMOS

processes, which are predicted by International Technol-

ogy Roadmap for Semiconductors (ITRS) to have tran-

sition frequencies (fT ) and maximum oscillation frequen-

cies (fmax) in excess of 200 GHz and 310 GHz, respec-

tively, in the coming 5-10 years [6]. This will enable imple-

mentation of automotive radar systems at 77 GHz in CMOS.

At 77 GHz there is a frequency band allocated both in Eu-

rope [7], Japan [8], and the US [9]. The European Telecom-

munications Standards Institute (ETSI) also has a tempo-

rary standard [10] for Short Range Radar (SRR) operat-

ing in the frequency band from 24.05 GHz to 24.25 GHz. Fur-

thermore, both ETSI and the Federal Communications Com-

mission (FCC) have a license free Ultra WideBand (UWB) fre-

quency band in this range1, which can also be used for au-

tomotive radar applications. In [1] a 24 GHz automo-

tive radar transmitter circuit topology was presented. The an-

tenna array of this paper is designed to fit that circuit topol-

ogy.

The chip area in CMOS is relatively cheap compared

to III-V devices and the ability to integrate digital sig-

nal processing on the same chip as the transmitter fur-

ther reduces the overall system cost. A typical specifica-

tion for a 77 GHz radar front end can be seen in Ta-

ble 1, [4], [8], [11]–[13]. This specification is used for the de-

sign at 24 GHz as well since the main antenna2 require-

ments are the same.

TABLE 1: SPECIFICATION FOR A 77 GHZ FRONT END

Frequency 76-77 GHz

Modulation FM-CW

Tx Phase Noise <-80 dBc/Hz @ 100 kHz offset

Bandwidth 300 MHz

Transmit Power 10-15 dBm

Beam Width 4◦

Field Of View 8◦-20◦

Beam Overlap 0.5◦

Relative Speed -200 → +100 km/h

Update Frequency 10 Hz

Range (for 1 m2 target) 1-100 m

2. RADAR TRANSMITTER CIRCUIT

With today’s CMOS processes, such as the 130 nm used in [1],

77 GHz is a very high frequency. The aim is therefore set on

the 24 GHz frequency band for automotive radar applications.

1In the US the ultra wideband is between 22 GHz-29 GHz and in Europe
22.65 GHz-25.65 GHz.

2That is the requirement on the resolution is the same and thus the antenna
design parameters are the same, such as beam width, field of view, et c
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Fig. 1: (a) Block diagram the automotive radar transmitter, (b) The output phasor of a PA swept over one quadrant, (c) Schematic of the power amplifier
with three binary weighted transistors per bank

A block diagram of the beam steering multiple Power Am-

plifier (PA) circuit can be seen in Fig. 1(a).

The PAs in Fig. 1(c) are fed by quadrature signals. A digi-

tal control word binary weights the four phases to the out-

put and thus the output phase is controllable through

360◦. The simulated phasor tip from one PA is plot-

ted in Fig. 1(b). For a more detailed description of the trans-

mitter see [1].

3. ANTENNA DESIGN

The antenna array must have a high directivity and a small

Half Power Beam Width (HPBW) to be able to fulfill a spec-

ification like the one in Table 1. In addition, the lobe should

be steerable and the antenna mechanically robust. A lin-

ear array needs to be at least 10λ0 to achieve the re-

quired HPBW. This has been deduced from ideal radiation ex-

pressions [14], hereafter referred to as ideal. That size corre-

sponds to 4 cm at 77 GHz and 13 cm at 24 GHz. A linear ar-

ray of λ/2 dipole patches has been assumed, fed in the cen-

ter by the differential signal from the PAs, see Fig. 2.

The supply voltage to the PAs is inserted at the sig-

nal ground at the end of the antenna patches, eliminat-

ing the need of separate RF-chokes for feeding the DC-

current to the PAs. The physical size of the dipole antenna

PA3PA2

0.5λ0

PA1

λsub/4

0.5λ0

Fig. 2: The dipole patch antenna array with the PA feeding indicated

is roughly λsub/2, where λsub is the wavelength in the sub-

strate. The antenna substrate has a relative dielectric con-

stant of 10.23.

To investigate the antenna system further, not assuming

ideal expressions, a 3D Electro Magnetic (EM) solver, SEM-

CAD [15], was used.

First one antenna element was simulated and opti-

mized and later the full array. Broadband simulations

were used for the antenna element to investigate its in-

put impedance resonance, field patterns, and surface cur-

3This corresponds to substrates available off the shelf, e.g. Arlon AD 1000.
The dimensions used in the following section are within the range for this
substrate.
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rent distributions. Harmonic simulations of the full ar-

ray were then performed at 24 GHz. To perform broad-

band simulations of the full array would not be practi-

cal, due to excessive computer memory requirements. An ad-

vantage of harmonic simulations is that the grid can be made

tighter.

A. Antenna Element

The geometry of one patch in a dipole element is defined in

Fig. 3(a). The distance between the two patches of the differ-

ential antenna element is 100µm. The length, L, of the patch

was tuned to give a first resonance at 24 GHz, which oc-

curred for a length equal to 1.3 mm. From this the ef-

fective relative dielectric constant at 24 GHz was calcu-

lated to be equal to 5.8. The width was chosen to make the in-

put impedance as close as possible to 60 Ω over the fre-

quency band. A wide patch results in a narrow band res-

onance with a high corresponding impedance. For a nar-

row patch with a width that is a fraction of the length, the

impedance at resonance decreases and multiple resonances oc-

cur, thus a more broadband response is attained. A width of

0.6 mm gave the best result, Fig. 4(a-b). At last the thick-

ness of the substrate was investigated to see how thin the sub-

strate could be made. When the thickness was less than

2.8 mm surface waves started to propagate. A substrate thick-

ness of 3.2 mm was therefore chosen to create some mar-

gin.

The radiation pattern and surface current distribution

for an antenna element with these dimensions are plot-

ted in Fig. 3(b). As seen in Fig. 4(a-b) the input resis-

tance is close to 60 Ω from 22.5 GHz to 24.5 GHz, result-

ing in a Standing Wave Ration (SWR) less than 3 over that fre-

quency range. The electric field in two vertical cuts for 5 dif-

ferent frequencies is plotted in Fig. 4(c-d). The two cuts

are the xz-plane and the yz-plane, according to the coor-

dinate system in Fig. 3(b). As can be seen the directiv-

ity is about 9 dBi over the entire frequency range, with a max-

imum of 10.0 dBi and a minimum of 7.0 dBi, which

is in alignment with [16]–[18]. In Fig. 4(d) there is hor-

izontal emission at one frequency, 24.5 GHz. The to-

tal simulated (ηmismatch × ηradiation) antenna element effi-

ciency is 95% at 24 GHz.

B. Antenna Array

The array is made of twentyfour elements with the dimen-

sions found in Section 3-A. A larger substrate of the array than

206×103 mm could not be simulated due to memory limita-

tions (4 GB) of the computer in combination with high re-

quirements on grid resolution.

The three dimensional far-field pattern and surface cur-

rent distribution is plotted in Fig. 5(a). The antenna effi-

ciency at 2◦ steering angle is 75%. To validate that the simu-

lation grid is tight enough it has been further tightened with-

out any significant changes in the obtained simulation re-

sults. This indicates that the grid is tight enough to pre-

dict the far-field behavior correctly. The electric field pattern in

W

hsub

L

(a)

(b)

Fig. 3: (a) Geometry of one patch in a dipole element, (b) Radiation pattern
and surface current distribution of the element

the xz- and yz-direction4 is plotted in Fig. 5(c-d). The field pat-

terns in Fig. 5(c-d) are from 2◦ and -6◦ steering angles. The

sidelobe supression is larger than 7 dB over the full steer-

ing range.

The directivity ranges from 12.3 dBi at 2◦ to 9.4 dBi at

4◦ steering angle. In the yz-direction there are dips of about

10 dB originating from the one dimensional structure of the

array. The xz-direction is tilted 13◦ to align the cut with the

first peak in the yz-plane (Fig. 5(a)) for 2◦ steering angle.

The directivity and HPBW were simulated as a function of

steering angle and are plotted in Fig. 5(b). The directivity is

larger than 9 dBi and the HPBW is below 6◦ over the ±7◦

steering range. A comparison is also made between SEMCAD,

Array Pattern Visualizer [19], and the ideal expressions.

4. CONCLUSION

The antenna simulations performed in this paper support the

idea that an automotive radar antenna array at 24 GHz can

4We use the term direction instead of plane for the array, since when steer-
ing out the lobe from zero degrees also the yz-direction of inter-
est will steer out with that angle, theta �=0◦. The peak directivity in the xz-
direction is not at zero degree either, see the dips in the yz-direction (Fig. 5(d)),
so the xz-direction is tilted to the first peak in the yz-direction.
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Fig. 4: (a) Input impedance with length 1.3 mm and width 0.6 mm, (b) SWR with length 1.3 mm and width 0.6 mm, (c) and (d) Polar plots of the E-field
in vertical cuts at frequencies: 22.5 GHz, 23.0 GHz, 23.5 GHz, 24.0 GHz, and 24.5 GHz

be constructed from dipole patches. The simulated directivity

(≈10 dBi) and HPBW (6◦) are satisfactory. The physical size

of the array is practically implementable in a car (20×10 cm).

Together with the 24 GHz CMOS automotive radar trans-

mitter circuit topology presented by the authors in [1], a

low-cost and mechanically robust solution can be accom-

plished.
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