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Abstract. In this contribution, the design of a multiple-input
multiple-output (MIMO) radar system in 77–81 GHz range
with 18 transmitting antennas and 24 receiving antennas for
measuring the height profile of bulk solids in silos, is pre-
sented and discussed. The antenna array topologies are op-
timized by utilizing space filling fractals in order to ap-
proximate a circular shaped antenna array on a hexagonal
grid. The proposed MIMO radar system achieves an angular
resolution of 3.1◦ for a maximum scanning angle of ±45◦

and a side lobe suppression of 12.6 dB. The performance
of the system has been evaluated by test measurements on
a sand heap, showing an improved measurement accuracy
compared to conventional radar level systems.

1 Introduction

In the context of level measurement, determining the vol-
ume of bulk solids in silos by means of radar is a challeng-
ing task, due to the complex spatial structure of the bulk
solid heap (Brooker et al., 2006; Nienhaus et al., 2009).
The MIMO radar concept is utilized in a variety of 3D
imaging scenarios, like whole-body imaging or remote sens-
ing (Ahmed et al., 2009; Ender and Klare, 2009; Klare et al.,
2010). Since integrated radar chips are emerging in auto-
motive applications, MIMO radar systems are appropriate
to improve the accuracy of height profile measurements of
bulk solids by realizing scanning radar systems using digi-
tal beam forming (Dahl et al., 2017a; Nienhaus et al., 2007;
Zankl et al., 2015). As the performance of a MIMO radar sys-
tem is mainly limited by the number of transmit and receive
channels, the topology of the transmit and receive antenna
array are an important factor. Fractal antenna arrays can ad-

vantageously be used to optimize the angular resolution and
side lobe level of a MIMO radar system. This is achieved
by combining sub arrays based on space-filling fractals in
order to approximate circular shaped arrays on a hexagonal
grid (Dahl et al., 2017b; Werner et al., 2004). In the work
presented here, fractal arrays have been adapted for realizing
MIMO radar systems and the developed concept has been
used and validated for radar level measurement applications.

2 Fundamentals

In the following, time-division multiplexed MIMO radar sys-
tems with spatially separated antenna arrays for transmit
and receive are considered. The angular resolution 1θ of a
MIMO radar system depends on the two-way radiation pat-
tern which is given by the virtual array factor AFV, expressed
in spherical coordinates using the polar angle θ and the az-
imuthal angle ϕ. It can be obtained by multiplying the ar-
ray factor AFTx of the transmitting array with the array fac-
tor AFRx of the receiving array (Fishler et al., 2004):

AFV(θ,ϕ)= AFTx(θ,ϕ) ·AFRx(θ,ϕ). (1)

As illustrated in Fig. 1, the virtual array factor AFV of the
MIMO radar corresponds to a virtual antenna array, which is
given by the convolution of the transmitting array with the
receiving array (Fishler et al., 2004). The radar echo with
each transmit-receive combination is assigned to one virtual
antenna element. By applying two-dimensional digital beam
forming and a range compression to the echo data repre-
sented in the virtual antenna array, a 3D radar image is re-
constructed in spherical coordinates. After interpolation to
Cartesian coordinates, the surface profile of the bulk solid
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Figure 1. MIMO radar concept: Virtual array formed by the convo-
lution of the transmit array and the receive array.

heap can be reconstructed and the filling volume can be mea-
sured (Dahl et al., 2015a).

In general, the array factor AF of a planar antenna array,
consisting of N discrete elements, depends on the element
positions (xn,yn), the complex element weights wn, and the
wave number k = 2πf/c, with the frequency f of the radi-
ated electromagnetic waves (Volakis, 2007). The polar and
azimuthal angles θ and ϕ,respectively, are transformed into
u/v-coordinates:

u= cosθ · cosϕ (2)
v = cosθ · sinϕ. (3)

The array factor AF can then be written as:

AF(θ,ϕ)=
N∑
n=1

wn · e
j ·k·(xn·u+yn·v). (4)

In order to steer the main lobe to a direction (u0,v0), the
complex weights wn in the array factor AF have to be chosen
as follows:

wn =
1
N
· e−j ·k·(xn·u0+yn·v0). (5)

In the following, all array factors are analyzed with the main
lobe steered to u0 = v0 = 0.

For a MIMO radar system with given numbers of trans-
mit and receive antennas NTx and NRx, respectively, the vir-
tual array with NV =NTx ·NRx virtual antenna elements can
be optimized by approximating a circular shaped array on a
hexagonal grid in order to maximize the virtual aperture di-
ameter (Dahl et al., 2015b). As a result, the side lobe suppres-
sion SLS and the angular resolution 1θ of the virtual array
factor AFV are improved, compared to conventional MIMO
radar configurations based on perpendicular linear antenna
arrays (Dahl et al., 2015b; Zhuge and Yarovoy, 2012). In the
following, space filling Fudgeflake and Gosper island frac-
tals on a hexagonal grid are utilized for this purpose (Dahl
et al., 2016, 2017b).

Figure 2. Fudgeflake fractal: (a) first, (b) second, and (c) third
stage.

2.1 Fudgeflake fractal

As shown in Fig. 2a, the first stage (L= 1) of the Fudgeflake
fractal can be used to combine three antenna elements to a
regular triangle on a hexagonal grid (Werner et al., 2004).

The corresponding array factor AFF,1 can be written as
follows using the radial element spacing dr:

AFF,1(θ,ϕ,dr)=
1
√

3
·

3∑
n=1

e
j ·k· dr√

3
·sin(θ)·sin(ϕ− nπ3 ). (6)

As illustrated in Fig. 2, higher stages of the fractal can
be formed by combining first stages of the fractal in a self-
similar way (Dahl et al., 2017b). The array factor AFF,L of
the fractal array in a stage L can be expressed by the prod-
uct of scaled an rotated replicas of the first stage array fac-
tor AFF,1:

AFF,L(θ,ϕ,dr)=

L∏
l=1

AFF,1(θ,ϕF,l−1,dF,l−1) (7)

The rotation angle ϕ′F,l of the array is proportional to the
stage l:

ϕF,l = ϕ−ϕ
′

F,l (8)

ϕ′F,l =−l ·
π

6
. (9)

The scaling of the element spacing dr increases with increas-
ing number of elements NF,l of the corresponding stage l:

dF,l = dr ·
√
NF,l (10)

NF,l = 3l . (11)

2.2 Gosper island fractal

According to Fig. 3a, the first stage of the Gosper island frac-
tal combines six antenna elements to a regular hexagon with
an additional element in the center (Werner et al., 2003).

The corresponding array factor AFG,1 can be written as:

AFG,1(θ,ϕ,dr)=
1
√

7
·

6∑
n=1

ej ·k·dr·sin(θ)·cos(ϕ− nπ6 )+
1
√

7
. (12)
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Figure 3. Gosper island fractal: (a) first, (b) second, and (c) third
stage.

The higher stages of the Gosper island fractal can be created
by combining multiple first stages of the fractal, see Fig. 3
(Dahl et al., 2017b). In analogy to Eqs. (7)–(11), the array
factor AFG,L in a stage L of the Gosper island fractal can be
written as:

AFG,L(θ,ϕ,dr)=

L∏
l=1

AFG,1(θ,ϕG,l−1,dG,l−1), (13)

with

ϕG,l = ϕ−ϕ
′

G,l (14)

ϕ′G,l = l · arctan

(√
3

5

)
(15)

dG,l = dr ·
√
NG,l (16)

NG,l = 7l . (17)

In addition, both fractals can be combined to construct
MIMO radar systems with circularly shaped virtual antenna
arrays on a hexagonal grid (Dahl et al., 2017b). In order
to avoid grating lobes, the element spacing dr in the vir-
tual array has to be chosen according to the minimum wave-
length λmin and the maximum steering angle θmax:

dr =
2
√

3
·

λmin

1+ sin(θmax)
. (18)

3 Realized MIMO radar system

A MIMO radar system with six Texas Instruments IWR1443
MIMO radar chips, each providing 3 transmit and 4 receive
channels, has been realized, see Fig. 4, resulting in NTx = 18
transmit antennas and NRx = 24 receive antennas.

In the chips the frequency modulated continuous wave
(FMCW) radar concept is realized. Time-division multiplex-
ing is utilized for all 18 transmit channels and the receive
channels are operated simultaneously. With a chirp duration
of 194.1 µs the data acquisition for all transmit and receive
combinations can be achieved in 8 ms. The measurement rate
of the demonstrator system is limited by the data transfer
and the signal processing on a personal computer to approxi-
mately 4 min and can be further improved by utilizing digital

Figure 4. Realized MIMO radar system: (a) Antenna elements on
the front side and (b) MIMO radar chips on the back side.

Figure 5. Fractal MIMO concept: (a) Transmitting array, (b) receiv-
ing array, and (c) corresponding virtual array. The white elements
have been removed in order to adjust the number of transmit- and
receive antennas.

signal processors. By operating in the 77–81 GHz frequency
range, a range resolution 1R = 37.5 mm is achieved. As-
suming a homodyne receiver architecture, the maximum un-
ambiguous range of Rua is given by the number of complex
samples NIF = 1024 for each intermediate frequency signal
and the range resolution 1R:

Rua =NIF ·1R = 38.4m. (19)

Aperture coupled patch antenna array elements fed by micro
strip lines with an element gainGE = 8.2 dBi have been real-
ized (Buck and Pozar, 1986). Each of the NV =NTx ·NRx =

432 virtual antenna elements corresponds to a specific trans-
mit and receive combination.

3.1 Fractal array topology

The concept of fractal antenna arrays has been applied for
the design of a compact circularly shaped virtual array on
a hexagonal grid with an aperture diameter of 50 mm. An
antenna spacing dr = 2.5 mm is used to allow for a maximum
steering angle θmax = 45◦, according to Eq. (18). As shown
in Fig. 5a, a combination of the first stage of the Fudgeflake
fractal and the first stage of the Gosper island is used for the
transmitting array. The antenna elements at the center have
been removed in order to allow for a compact alignment with
the receiving array, as shown in Fig. 4a.
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Figure 6. Fractal MIMO concept: (a) Transmitting array factor, (b) receiving array factor, and (c) virtual array factor.

Figure 7. Radar images in a cross section y = 0 of a corner reflector positioned at two different aspect angles: (a) θ1 = 0◦ and (b) θ2 = 20◦.

Figure 6 shows that the grating lobes in the transmit ar-
ray factor AFTx are suppressed by the zeros of receive array
factor AFRx and vice versa.

The resulting virtual array factor AFV shows no disturbing
grating lobes any more, and an angular resolution1θ = 3.1◦

and a side lobe suppression SLS= 12.6 dB, is achieved.

4 Measurements

The range resolution 1R, the angular resolution 1θ and a
side lobe suppression SLS of the proposed MIMO radar sys-
tem have been evaluated in a single target scenario. There-
fore, a triangular corner reflector with a edge length of 25 cm
has been positioned in an anechoic chamber at a range of
6.4 m for two different aspect angles θ1 = 0◦ and θ2 = 20◦.

A cross section of the corresponding radar images are shown
in Fig. 7, achieving a range resolution 1R = 36 mm.

Figure 8 shows the radar images in a polar cross section in
order to evaluate the side lobe pattern at the target range R =
6.4 m.

For an aspect angle of θ1 = 0◦ an angular resolution1θ =
3.1◦ and a side lobe suppression SLS= 12.6 dB are achieved.
As as expected, side lobe pattern corresponds to the vir-
tual array factor AFV, see Fig. 6c. For an aspect angle of
θ1 = 20◦, the side lobe suppression SLS is reduced by 2.1 dB
and the angular resolution 1θ is increased to 3.4◦. This is
mainly caused by the radiation pattern of the patch antenna
elements and leads to a minor degradation in the measure-
ment performance for higher aspects angles θ .
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Figure 8. Radar images in a polar cross section R = 6.4 m of a corner reflector positioned at two different aspect angles: (a) θ1 = 0◦ and
(b) θ2 = 20◦.

Figure 9. (a) Measurement scenario and (b) corresponding radar image in a vertical cross section x = 0.

The proposed MIMO radar system has been evaluated in
a realistic measurement scenario, consisting of a sand heap
with a height of 0.8 m. As shown in Fig. 9a, the radar sys-
tem has been mounted 2.5 m above the heap and the echo
data from all transmit and receive combinations has been
processed to reconstruct 3D radar images. In Fig. 9b, a ver-
tical cross section is shown, allowing for reconstruction of
the heap. The crosstalk between the antenna elements along
with the wave propagation across the printed circuit board are
causing clutter in the radar image for ranges below 50 cm.

5 Conclusions

In this paper, the design of a MIMO radar system with
18 transmit and 24 receive antennas has been presented. It
has been shown that array topologies based on space filling
fractals can be utilized to approximate a virtual aperture with
a circular shape and to improve the side lobe suppression as
well as the angular resolution. The performance of a sparse
fractal MIMO array has been proven in a typical scenario,
resulting in an improved accuracy for level measurement ap-
plications.
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Appendix A: IWR1443 MIMO radar chip

The Texas Instruments IWR1443 is a integrated MIMO radar
chip realized in a 45 nm RFCMOS process. It allows for a
compact realization of MIMO radar systems by combining
analog FMCW radar transceivers with digital signal proces-
sors. In a master slave configuration, the FMCW ramp can be
distributed to multiple slave chips in 19.25–20.25 GHz range.
An additional pulse is emitted by the master in order to syn-
chronize the ramp start time between the analog-to-digital
converters (ADC). The specification of the IWR1443 radar
chip according to the data sheet is shown in Table A1.

Table A1. IWR1443 specification.

Parameter Value

Frequency range 77–81 GHz
Transmit channels 3
Receive channels 4
Transmit power 12 dBm
Receiver gain 48 dB
Noise figure 15 dB
Phase noise at 1 MHz −93 dBc

Hz
Maximum intermediate frequency 15 MHz
ADC resolution 12 bit
ADC complex sampling rate 18.75 Msps
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