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Abstract—A high-resolution frequency modulated continuous
wave imaging radar for short-range applications is presented. A
range resolution of about 1cm is achieved with a bandwidth of
up to 16 GHz around 160 GHz. In order to overcome losses and
large tolerances on a printed circuit board (PCB), 8 coherently
coupled monolithic microwave integrated circuits (MMIC) are
used, each with one transmit and receive antenna on-chip and
each representing a single channel radar system. The signals
on the PCB are below 12 GHz, which facilitates fabrication and
enables a design with low-cost substrates. The MMIC comprises a
phase noise optimized architecture with a fully integrated on-chip
frequency synthesizer. Due to partly uncorrelated phase noise
between the frequency synthesizer components, the noise level is
increased in bistatic radar measurements between two different
MMICs, which is explained by a thorough phase noise analysis.
Time-division multiplexing is used to realize a multiple-input
multiple-output system with a virtual array of 64 elements and
an angular resolution better than 1.5° for the designed array.
The positioning tolerances of the MMICs are included into the
design resulting in a robust array design. The high-resolution
radar performance is proven by imaging radar measurements of
two exemplary scenarios.

Index Terms—FMCW radar, mm-wave radar, phase noise,
imaging radar, sparse antenna arrays, MIMO radar

I. INTRODUCTION

Radar sensors are widely used for industrial, medical,
security, and automotive applications [1]. There is a growing
demand for high-resolution short-range imaging radar sensors
measuring range, velocity, and angle in harsh environments.
This leads to more information about the scene under investi-
gation, but requires a high absolute bandwidth and, therefore,
pushes frequencies above 100 GHz.

The progress in the low-cost silicon-germanium (SiGe)
technology provoked the development of radar MMICs based
on the frequency modulated continuous wave (FMCW) prin-
ciple. Above 100GHz, it is desirable to integrate voltage-
controlled oscillators (VCO), amplifiers, mixers, and couplers
on the MMIC. By additionally integrating antennas on-chip
(AoC), lossy and complicated high-frequency transitions to
PCB antennas are avoided. In the past years several single
channel radar systems fully integrated on an MMIC with AoCs
were presented [2]-[7].

This work was funded by the Deutsche Forschungsgemeinschaft (DFG,
Germany Research Foundation) - Project number: 317632307. The authors
are with the Institute of Microwave Engineering, Ulm University, 89081
Ulm, Germany, and with the Electronic Measurements and Signal Processing
Group, Technische Universitit Ilmenau, 98693 Ilmenau, Germany (e-mail:
andre.duerr @uni-ulm.de).

TABLE I
OVERVIEW OF MM-WAVE IMAGING RADAR SYSTEMS

Source Smax AoC  # Virt. ch. BW Ap/AO
[11] 77 GHz no 16 2GHz 12°/—
[12] 77 GHz no 256 2GHz 6°/6°
[13] 79 GHz no 16 7GHz  2°/2°
[14] 100 GHz no 484 10GHz 0.3°/0.3°
[15] 120 GHz no 16 5GHz 3°/21°
[16] 140 GHz yes 12 20GHz 5°/—
This work  160GHz  yes 64 16GHz 1°/—

Imaging radars are well-known and numerous ones have
been introduced [8]-[13]. Table I is ordered by the maximum
operating frequency fn.x and gives an overview of already
presented mm-wave FMCW imaging radar systems and their
theoretical angular resolution above 77 GHz. In [14]-[16]
radar systems at 100 GHz or above are presented.

In [14] and [15], imaging radar systems are realized using
an optimized 2-D sparse array. The system concept is based
on separate transmit (TX) and receive (RX) modules with a
frequency multiplier approach. The local oscillator (LO) is
derived from a single phase-locked loop (PLL). The antennas
are realized on a PCB due to the considerably lower frequency
range at approximately 100 GHz and 120 GHz in comparison
to the 160 GHz in this work.

Additionally, Table I shows that only [15] and [16] are
realized distinctly above 100 GHz. The system architecture
in [16] is based on a frequency multiplier with factor 8 and is
comparable to [14] and [15], but it uses AoCs.

By combining several single channel MMICs to one system,
an 160 GHz imaging radar can be realized. The full integration
of the whole radar system on the MMIC including the antennas
results in antenna spacings of several wavelengths. Addi-
tionally, the antenna array at frequencies above 100 GHz is
sensitive to positioning tolerances, which demands to include
them into the array design process. In comparison to previous
systems, this work contains two new key aspects.

First, the MMIC comprises a radar system with a phase
noise (PN) optimized system architecture for single channel
applications. This paper discusses whether this architecture is
also advantageous for multi-channel applications. The inves-
tigation is based on a thorough phase noise analysis. Second,
this paper presents an optimization approach allowing to
integrate manufacturing tolerances into the array design.

The paper is organized as follows. After describing the
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Fig. 1. Block chart of the realized RF frontend with the functional principle
of a single channel radar MMIC. Each MMIC is switched on with a TXEN.
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system setup, a thorough PN analysis of the radar system
is presented and proven by measurements in Section II. An
adapted array design process including manufacturing toler-
ances is discussed in Section III. The limits concerning the
angular performance of the realized radar system are studied in
Section IV. Finally, the imaging capabilities of the developed
radar are demonstrated in Section V in two typical non-
stationary scenarios.

II. SYSTEM ARCHITECTURE
A. RF System Architecture

The MMIC used for the multi-channel imaging radar is
described in [7]. The architecture is optimized for low PN
in a single channel radar measurement. Therefore, it uses a
low frequency multiplier with factor 4 for the FMCW ramp
oscillator (RO) and a low PN LO for the up-conversion to the
operating frequency at 160 GHz. The fed-in ramp signal from
8-to-12 GHz is multiplied by 4 to 32-to-48 GHz on the MMIC
itself, see Fig. 1. The ramp signal from 8-to-12 GHz can be
realized with an off-the-shelf fractional-N PLL and an external
wideband VCO with low PN.

The LO signal is generated on each MMIC by an on-
chip integer-N PLL, which is used for up-conversion of the
ramp signal. The reference frequency of the on-chip PLL is a
surface-acoustic wave oscillator (SAW) at 916 MHz with a PN
of —150dBc/Hz at 100kHz offset frequency. This frequency
is increased by a factor of 128 resulting in an LO frequency
of about 117GHz. It is already shown in [7] that the PN
density of the realized on-chip integer-N PLL is comparable
to the swept fractional-N PLL (RO) due to the high frequency
reference and a VCO with a narrow bandwidth. Therefore, the
LO only marginally contributes to the overall PN of the TX
signal for offset frequencies between 100kHz and 1 MHz.

The ramp signal from 8-to-12 GHz, multiplied by 4, is up-
converted with the fixed-frequency LO to the radio frequency
(RF) band from 149-to-165 GHz. The up-converted signal is
splitted and fed to the TX and the RX path. Two dielectric
resonator antennas (DRA) are used, which are excited with
short-circuited quarter-wavelength patches [7].

The single-channel MMIC is coherently extended to an 8-
channel imaging radar system as depicted in Fig. 1. This is
realized by distributing the ramp signal and the SAW reference
to all 8 radar MMICs. The antennas are aligned in a row in

=
=
=
'S
0
<
=
8 [N !
= ) ,\,' " ‘l,'\ ,’\‘ —— E-plane
< Moy il ‘\’\\I‘I H-pl
| | llllll | :: | ‘; 1‘["1‘ o
O 1 L T T
-40 -30 —-20 -—-10 0 10 20 30 40
Angle (°)
Fig. 2. Measured radiation pattern for the realized spherical-convex lens

antenna at 154 GHz.

the E-plane (x-y-plane), and a dielectric spherical-convex lens
made of teflon (PTFE, polytetrafluoroethylene) with €,=2.1,
a diameter of D;=38.6mm, and a focal distance df=2cm
is used to focus the radiation pattern in the H-plane (y-z-
plane). As the antennas are in one row, no gain reduction
due to a parallax of an imperfect focusing lens has to be
taken into account [17]. The measured radiation pattern of the
lens antenna at the center frequency f.=154GHz is shown
in Fig. 2. The lens design has a 3 dB-beamwidth of ¢3qg~5°
in the H-plane, whereas no focusing is realized in the E-plane.

B. Noise Mechanism in Radar Systems

The noise level in the sampled intermediate frequency (IF)
signal limits the achievable signal-to-noise ratio (SNR) and is
determined by a superposition of thermal noise, quantization
noise, and phase noise. The different noise sources are briefly
discussed in general:

1) Thermal noise: The thermal noise power density after
the receiver is given by

Winin = ksTeGrx = kg (F — 1)ToGrx , (D

with the receiver noise figure F', the Boltzmann constant kg,
the receiver noise temperature 7, the receiver gain Gy, and
the temperature 7p=290K [18].

2) Quantization noise: The IF signal is digitized with an
analog-to-digital converter (ADC). The maximum achievable
SNR due to a quantization is dependent on the number of bits
k and is given by SNR.,x = (6.02 - k + 1.76) dB [19].

3) Phase noise: For most of the PLL. components like the
loop filter (LF), the VCO, the phase frequency detector (PFD)
as well as the charge pump (CP), the thermal noise and the
flicker noise are the main contributions to an emerging PN at
the output of the frequency synthesizer [20]. For the following
derivation it is assumed that the PN sources are uncorrelated
and can be linearly added up [21]. The PN is determined by

Lopir(f) = Laoret(f) + Lok + Lo veo(f) (2)
+ Lo pro(f) + Lao,cp(f),

with the single sideband PN density £(f). The subscript Ref
refers to the reference oscillator of the PLL. If the same
LO is used for the TX and the RX signal path, the range
correlation effect occurs [22], dependent on the time delay 7
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Fig. 3. Block chart of the PLL components affecting the PN of the TX signal (a) and the measured PN densities before and after the up-converting mixer (b).
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Fig. 4. Possible leakage paths in the multi-channel radar.

within the radar channel. The residual PN density in the RX
output spectrum Laq¢(f) can then be calculated by [22]

£A<1>(f) = 2£q>(f)(1 — COS(27TfT)) . (3)

In (3) Lo describes the PN density of the TX signal, and f
is the frequency offset from the carrier.

An increase in noise level due to residual PN occurs
locally in the vicinity of a very strong target. This reduces
the detection sensitivity of weak targets. For normal radar
operation, the leakage signal from the TX to the RX is a strong
target, which is orders of magnitude larger than the received
signal passing the radar channel to the real target [23]. Typical
leakage paths are transmit-receive coupler leakage, antenna
reflections, or reflections at a radome or lens.

C. Phase Noise Model of the 160 GHz Radar

The components affecting the PN of the TX signal are
shown in Fig. 3 (a). At the up-converting mixer, the PN
densities of the multiplied ramp signal L¢ ro,x4 and the LO
signal L& 10 are linearly superimposed [24]. Fig. 3 (b) shows
the measured PN densities before (Lo 10, Lo ro,x4) and after
(Lo xRrx) the up-converting mixer. The PN of the LO is
measured after the divider output (Divout) and the PN of the
ramp signal before the multiplier input. Afterwards, they are
deteriorated according to their frequency multipliers of 4 and
128 by 12dB and 42 dB, respectively, and added up.

The decisive leakage paths to be considered for PN are
shown in Fig. 4. One is the direct leakage between the two
on-chip antennas and the other one is due to the reflection at
the lens surface.

In a monostatic radar measurement, i.e., from MMIC; —
MMIC;, with ¢€1,...,8 the same LO is applied for both
the transmission and the reception paths. This means that the

TABLE 11
NOISE BUDGETS FOR THE MONOSTATIC RADAR MEASUREMENT AT 1 MHZ
OFFSET FREQUENCY

TX power —1dBm
DRA gain 6 dBi

RX gain —2dB [7]
RX noise figure 25dB [7]
Thermal noise power density —151dBm/Hz
TX signal PN density Lo txrx (1 MHz) —87 dBc/Hz
Measured on-chip leakage attenuation p; ;{1} 29dB [25]
PN cancellation factor DRA leakage —74dB (33 ps) [25]
Residual PN power density DRA leakage —193dBm/Hz
Lens leakage attenuation (radar eq. + Snell) 51dB

PN cancellation factor lens leakage —60dB (160 ps)
Residual PN power density lens leakage —201dBm/Hz

range correlation effect occurs. The on-chip leakage path has
a delay of 33 ps, which results in a PN cancellation factor of
74dB at 1 MHz offset frequency [25]. For the lens leakage
path an upper bound of the maximum power coupling to the
adjacent receive antennas can be approximated by the radar
equation for extended targets. Additionally, it is assumed that
the DRA gain is 6dBi and that the MMIC output power is
Pyy=—1dBm. By using Snell’s refraction law the ratio of the
reflected wave intensity at the plane dielectric surface can be
approximated [26]. For a TEM wave impinging perpendicular
on the air-Teflon interface, about 4%=—14dB of the power
is reflected and couples with a delay of 160ps and a PN
cancellation of 60dB into the adjacent receivers. A summary
of the noise budgets for the monostatic measurements and the
system parameters is given in Table II. Additionally, it contains
the residual PN of both the lens and the DRA leakage for the
frequency offset f=1MHz. They are about 40 dB below the
thermal noise power density. Hence, the SNR in the monostatic
radar measurement is not degraded due to a residual PN within
the leakage signal.

For a bistatic radar measurement from MMIC;—MMIC;,
with 4,5 €1,...,8,i%#7, only the ramp and reference signals
are the same for the transmitting and the receiving MMICs.
Thus, the range-correlation effect is only valid for the ramp
and the reference signal. It can be assumed that the residual
PN density of both signals is below the thermal noise power
density as in the monostatic case.
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In comparison to the monostatic case, different PLL compo-
nents such as LF, VCO, N-divider, PFD, and CP are involved
in the bistatic system operation. Some of the components are
affected by the common SAW reference oscillator at 916 MHz.
Especially the PFD and the CP pulses are dependent on
the common reference frequency. Therefore, there are PLL
components with perfect correlation, partial correlation, and
with no correlation. The common reference is correlated as it
is the same for all on-chip PLLs. The PFD and the CP are
partially correlated due to the direct influence of the reference
oscillator on the PFD and CP cycle times, see Fig. 3 (a).
Components like the VCO, the loop filter, and the dividers
are fully uncorrelated as there is no relation to the reference
oscillator. The PN density at the receiver output spectrum in
a measurement from MMIC;—MMIC; can be written as

EAq)j,i(f) = ‘Ccp,u7(f) + ‘Ccp,uj (f)
+2 <£¢,Ref+ramp(f) + ﬁcp,PLL,corr(f))

. (1 - cos(27r7j7if)> . “)

In (4) L, 4, ;(f) describes the PN density, which results from
the uncorrelated PLL components (LF, VCO, N-divider) and
the uncorrelated parts of the PFD and CP in MMIC; and
MMIC; due to their individual thermal and flicker noise.
L Refsramp(f) is the PN density of the reference oscillator and
the ramp signal, which is the same for all MMICs and hence
correlated, whereas L pricorr(f) is the PN profile resulting
from the correlated parts within the PFD and CP.

To prove the concept of partial correlation in frequency
synthesizers using the same reference, the divider outputs of
the on-chip frequency synthesizers of two individual MMICs
with the same reference are investigated with the measurement
setup as given in Fig. 5 (a). One of the signals is up-
converted using a high quality oscillator with a superior PN
performance Lg xco in comparison to the PN of the divider
outputs (La pivour1,2) Of the on-chip PLLs. That means that the
PN of the divider output is dominating and therefore mainly
present after the up-converting mixer. This signal is afterwards
down-converted, and the residual PN can be measured by using
a signal source analyzer (SSA).

As can be seen in the measurement in Fig. 5 (b) the PN is
improved, which proves that there are correlated components
due to the common reference input. Due to the uncorrelated
PLL components in two different MMICs it might happen that
the residual PN density at the receiver output supersedes the
thermal noise power density resulting in an increase of the
system noise level.

The theory is now proven by radar measurements. Thus, the
PN of both the ramp signal and the LO are deterioriated as
depicted in Fig. 6. For the ramp signal, this is achieved by a
reduction in the CP current from 2.8 mA to 100 nA. For the LO
this can be obtained by a reduction in the supply voltage from
1.8V to 1.5 V. Afterwards, radar measurements are conducted
and statistically evaluated by the standard deviation in the IF
signal spectrum over 100 ramps and for each TX channel. The
standard deviation is a measure of the noise level within the
IF signal.
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Fig. 5. Block chart of the measurement setup (a) and measurement results (b)
of the residual PN in multiple frequency synthesizers with the same reference.
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Fig. 6. Measured PN densities for the ramp oscillator with and without
reduced CP current and for the local oscillator with and without reduced
power supply voltage.

Fig. 7 shows the noise level — derived from the standard
deviation — for both the monostatic and the bistatic radar
cases in comparison. For the monostatic case, the noise level
is not deteriorated due to a decreased PN performance of
both the ramp and the LO signal. In the bistatic radar case in
comparison, the noise level is increased by about 7dB at an
IF frequency fir = 1 MHz as depicted in Fig. 7 (a). However,
the bistatic radar case is not affected by a deterioration in
ramp signal PN of approximately 25 dB, see Figs. 6 and 7 (a).
By deteriorating the PN performance of the LO, the standard
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Fig. 7. Noise level for both the monostatic and the bistatic radar cases in comparison and as a function of the ramp input and LO input PN performance (a)
and dependent on the RX antenna distance (b). The noise level is dependent on the LO PN performance for the bistatic case. Furthermore, the noise level
is mostly increased for the RX antennas spaced next to the active TX antenna as they are affected by the strongest leakage power. Therefore, the SNR for

short-range targets is degraded in 56 of 64 virtual channels.

deviation and therefore the noise level increases for low IF in
the bistatic case. This can be explained by the uncorrelated
PN caused by the different on-chip PLLs.

This effect also holds for the other receive channels and
depends on the MMIC distance among each other as can be
seen in Fig. 7 (b) for all 8 virtual channels belonging to TXs.
The larger the RX antenna distance compared to the active TX
antenna (see Fig. 8 in Section III), the less power couples to it.
For the largest leakage power, the noise level is increased by
approximately 10 dB. Therefore, the increase in noise level is
larger for the adjacent MMICs. The measurements show that
RX3, which is next to TXs, perceives the largest increase in
noise level.

III. ANTENNA ARRAY OPTIMIZATION

Multiple-input multiple-output (MIMO) radars are typically
realized with uniform linear arrays (ULA) and an inter-element
spacing of A/2. This approach has a maximum sidelobe
level (SLL) suppression of —13.3 dB and avoids grating lobes
within the angular range £90° [27]. By using fully-integrated
radar MMICs with AoCs it is usually not possible to realize
an inter-element spacing of A/2 because PCB and MMIC
interconnect constraints have to be fulfilled. In the following
section an optimization criterion, which considers an MMIC
spacing of several wavelengths including manufacturing toler-
ances, is derived.

A. Boundary Conditions

The above mentioned boundary conditions concerning the
alignment of the radar MMICs to realize the 8x8-MIMO
radar result from the following reasons. The MMICs comprise
a TX and an RX antenna with a fixed antenna distance of
0.87 \ on-chip. Additionally, the MMIC has different digital
interconnects and two RF signals like the 916 MHz SAW
reference and the ramp signal, which have to be fed to the
MMIC. Due to PCB routing constraints, the MMICs can only
be placed with a distance of several wavelengths next to each

other. The spacing constraints were experimentally determined
and are

o TX +— TX: 4.1mm = 2.2\
e RX «+— RX: 2.8mm = 1.5\
o TX +— RX: 3.6 mm=1.9A\.

Nevertheless, it is possible to achieve inter-element antenna
spacings of less than A/2 within the virtual array, see Sec-
tion III-C.

B. Design Criterion and Optimization Algorithm

The array alignment is optimized using a Genetic Al-
gorithm (GA). The implemented algorithm is adapted from
[28] and [29]. The allowed MMIC positions are discretized
with a grid of 0.1 A\ within the simulation. Within this grid
the TX antenna position is chosen randomly, and the cor-
responding RX antenna is placed 0.87 A\ with respect to the
TX antenna. Afterwards, the agreement to the constraints in
Section III-A is verified.

In order to rank and compare the resulting array configura-
tion, a maximum allowed array size and a minimum required
angular resolution has to be specified. It is defined with the
Rayleigh criterion [30]

A
Ap =1.22—. 5)
dy
The angular resolution in radiant is described by Ay and dy
is the virtual aperture size of the antenna array. For a desired
angular resolution of 1° the necessary virtual aperture size is
dy==70 X\ resulting in a physical aperture size of da=35 \.

The used DRAs provide a measured 6 dB beamwidth of
about £40° [7]. Therefore, the fitness function f, to rank the
found arrays is evaluated within this angular range by

fn: :

ambiguity-free region

SLLma - (6)

The ambiguity-free region is defined as the angular range
for which the SLL is below 0.5=—6dB. The ambuiguity-free
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Fig. 9. Simulated virtual array. The virtual RX channels are marked by
crosses. Several inter-element spacings are less than \/2.

region is evaluated by the ambiguity function (AF) [31], [32],
which is defined by

V(i) v(e))]
AF(pi, @) = : (7
vl v |
In (7) (-)¥ denotes the Hermitian operator, || - || the Euclid-

ian norm of a vector, and v(¢)=a(v)®b(yp) is the virtual
steering vector, which is given by Kronecker product &® of the
transmitter and receiver steering vectors a(¢) and b(¢) [33].

In comparison to [29], the fitness function f, is extended by
a weighting with the maximum SLL,,,, of the antenna pattern.
Thus, arrays with a lower sidelobe level get a higher rank
resulting into more robust arrays.

C. Robustness Analysis

At mm-wave frequencies around 160 GHz, the ratio between
positioning tolerances and the wavelength is significant and
cannot be neglected anymore. In order to realize a robust
antenna design without ambiguities, it is necessary to include
these tolerances into the array design process. For each array
fulfilling the constraints, a Monte-Carlo analysis consisting
of 1000 randomly modified antenna arrays is added to the
optimization algorithm. The antenna positioning variance is
modeled by a random Gaussian process with a standard devi-
ation of 50 um. The robustness is defined by the percentage of
array realizations with full ambiguity-free region in the angular
range +40°. The final array configuration has a simulated
maximum SLL,x=—9dB. For the found antenna array, all
performed Monte Carlo simulations fulfilled the robustness
criterion.

Figs. 8 and 9 show the realized array and the correspond-
ing virtual antenna array. The realized antenna positions are
measured using a measurement microscope. The values are
summarized in Table IIT and show that the design specifica-
tions are met.

D. Array Calibration and Measured Array Performance

Phase and amplitude mismatches between the channels
require a calibration. Each virtual channel is formed by a
TX%-RX; combination. For a single target in the far-field of
the antenna array, the phase progression Agy; of the (k,[)-th
virtual antenna element relative to the (1, 1)-th virtual antenna
element behaves according to

2
Adri(p) = %Aﬁm sin(p) + o1 (®)

TABLE III
OVERVIEW OF MEASURED ANTENNA ARRAY

N(T,R} IR sim ZR phys A-ZR ZT,sim ZT,phys A:l'T
#) (mm)  (mm) (mm) (mm) (mm) (mm)
1 0 0 0 1.63 1.68 0.05
2 5.87 582  —0.05 7.50 7.50 0
3 22.17 22.15 —0.02 2380 2378  —0.02
4 34.98 34.98 0 33.35 3333 —-0.02
5 41.35 41.35 0 39.72 39.72 0
6 49.71 49.71 0 51.34 51.36 0.02
7 54.96 5495 —0.01 56.59 56.59 0
8 65.16 65.13 —-0.02  63.52 63.50 —0.02

with the relative virtual antenna distance Azp=xr—211
concerning the virtual receive antenna (1, 1) and the constant
phase offset ¢y;.

Due to manufacturing tolerances, the ideal antenna positions
from the simulations slightly differ from the physical realized
ones, see Table III.

The array is calibrated in the angular range —60° <p<60°
with a step size of 0.1°. Fig. 10 shows the measured relative
phase progressions and the corresponding target power in dBm
as a function of sin(yp).

From the slopes of the curves and by applying (8), the elec-
trical virtual antenna positions coinciding with the electrical
antenna behavior are determined. Mutual coupling and other
non-idealities shift the physical antenna positions resulting in a
larger deviation between ideal and electrical antenna positions,
see Fig. 11. From now on, the measured electrical virtual
antenna positions are used. For the simulated antenna array,
there are 51 unique antenna array positions, whereas for the
realized array 64 virtual antenna elements are obtained due to
manufacturing tolerances and coupling effects.

With the measured virtual antenna array steering matrix
from Fig. 10 (a) and Fig 10 (b), the AF in (7) can be calculated,
see Fig. 12. There are no ambiguities within the azimuth
angular range of +60°.

IV. IMAGING PERFORMANCE

A. Measurement System

The radar system is realized in a modular PCB stack, with
each functional part on a separate PCB to achieve modularity
and to facilitate error diagnostics. The radar stack is subdivided
into an RF PCB comprising the MMICs and the RF signal
lines below 12 GHz, a PLL PCB for the ramp generation, an
IF PCB with a variable amplification from 34dB to 52dB
for 8 differential channels, and a power supply PCB with a
microcontroller (uC) as depicted in Fig. 13.

B. Phase Ambiguities

The used integer-N PLLs ensure that the relative output
phases between the different VCOs are deterministic. Conse-
quently, a phase synchronization is avoided and the underlying
system architecture is capable of imaging. In comparison,
fractional-N PLLs result in phase ambiguities [21].
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Fig. 10. Measured relative phase progression (a) and amplitude variations (b) for one target placed at a distance of R=5 m exemplarily shown for the virtual

channels belonging to RXg.
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Fig. 12. Measured ambiguity function. The array has a full ambiguity-free
region (<0.5) within [—60°, 60°].

C. Angular Resolution

In order to demonstrate the imaging capabilities, radar
measurements are conducted with the parameters summarized
in Table IV. The angular resolution for the case of two targets
with the same image intensity can be determined by (5). For
the realized array and for the the operated center frequency
fe=154 GHz, the calculated angular resolution is 1.06°.

The measurements are evaluated using the maximum likely-
hood (ML) method, which correlates the measurement vector

PLL PCB  IF signals

RF PCB

p.C

elevation
setting

(@ (b)

Fig. 13. Photos of the modular radar stack (a) and the RF PCB zoom in
image of an MMIC (b).

TABLE IV
OVERVIEW OF THE RADAR SETTINGS

Ramp duration T’ 100 ps
Ramp repetition time 7 150 ps
Ramp start frequency fsart 8 GHz
Ramp stop frequency fiop  10.5 GHz
RF bandwidth B 10GHz
Center frequency f. 154 GHz
Number of chirps N¢ 512

with the interpolated calibration vectors. Fig. 14 (a) shows
one single target at the angle p=—15°, whereas Fig. 14 (b)
shows the separability performance of two targets of the same
image intensity and with an angular separation of 1.5°. Both
targets can be separated with a notch of 1.2dB. The angular
resolution of 1.5° is close to the theoretical limit of 1.06°.
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Fig. 14. Measured angular estimation performance of the realized antenna array for one target at ¢=—15° (a) and for two targets with an angular separation

of Ap=1.5° (b).

(b)

Fig. 15. Photos of the measured scenarios. In the first scenario 4 metallic
cylinders are mounted on a wooden plate and rotated around its vertical
axis (a). In the seconds scenario the cylinders are replaced by a metallic
cuboid (b). The rotation axis and the direction are indicated with red color.

D. Time-Division Multiplexing

The radar system uses time-division multiplexing (TDM) to
transmit orthogonal waveforms for MIMO. This reduces the
maximum detectable Doppler frequency fpmax by the number
of transmit antennas because the Doppler frequency fp is only
sampled by every 8th transmitted ramp [27]. Furthermore,
an additional phase difference of A¢rpy=27fpT, due to
the switching time occurs, which is corrected by an adapted
discrete Fourier transform as in [34]. The time 7T, denotes the
ramp repetition time between two consecutive ramp segments.

V. RADAR MEASUREMENTS OF EXTENDED TARGETS

To evaluate the radar performance in realistic scenarios
two well-defined non-stationary scenarios are investigated. The
first scenario consists of 4 metallic cylinders with diameter
1.6cm mounted on a wooden plate with the dimensions
25cmx 19 cm (I xw), whereas the second scenario is a metallic
cuboid with the dimensions 45 cmx30cmx30cm (IxwXxh).
Both targets are rotating with a radial velocity v,=50°/s
around their vertical axis. The measurement scenarios are
depicted in Fig. 15. The virtual channels are non-coherently
integrated. After separating the targets in the Range-velocity-
domain (R-v-domain) an ML angle estimation is performed
and the maximum value within the angular spectrum is deter-
mined and marked in an x-y-diagram.
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Fig. 16. Power range profile of scenario 1. The large absolute bandwidth
enables to separate the cylinders in range.

A. Scenario 1: Metallic Cylinders

The power range profile of the measured cylinders is de-
picted in Fig. 16. The results of the measurements are shown
in Fig. 17. The orientation of the 4 cylinders and the distance to
each other can be estimated with high accuracy. It is possible to
separate the 4 targets independently both in range and velocity,
see Fig. 16 and Fig. 17 (a). The noise level is increased at
v=0m/s due to the decreased PN performance within the
bistatic channels, see also Fig. 7 (a).

B. Scenario 2: Metallic Cuboid

The measurements in Fig. 18 show that the dynamic range
of the radar enables to detect diffracting sharp edges. The
z-y-diagram in Fig. 18 (b) shows that it is even possible
to determine the orientation of the cuboid assuming a prior
knowledge about both side lengths.

The measurement results in Figs. 17 and 18 verify the good
imaging capability of the realized radar system.

VI. CONCLUSION

In this contribution a 160 GHz high-resolution imaging radar
system with simple single-channel radar MMICs at 160 GHz
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Fig. 17. Imaging results consisting of the R-v-diagram (a) and the x-y-diagram (b) for the 4 rotating metallic cylinders around its axis. The orientation of

the 4 cylinders can be determined.
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Fig. 18. Imaging results consisting of the R-v-diagram (a) and the x-y-diagram (b) for a rotating metallic cuboid. Both edges and two direct reflections at
the surface are measured and can be independently separated in range and velocity.

is shown. The MMICs use an on-chip PLL for frequency
synthesis. A corresponding phase noise analysis is presented
and proven by radar measurements. Whereas a monostatic
radar measurement is limited by thermal noise, the bistatic
radar measurements are affected by the phase noise occurring
due to the lens leakage, which increases the system noise level.
This effect is dependent on the power coupling to the receivers
and is more distinct for the adjacent receive antennas. Addi-
tionally, a very robust array design including manufacturing
tolerances is proposed resulting in a highly sparse antenna
array with sidelobes below —9dB, an ambiguity-free region
of £60°, and a high angular resolution of 1.5°. The high-
resolution imaging capabilities of the realized radar system are
demonstrated using two exemplary non-stationary scenarios
with the possibility to separate the targets independently in
range and velocity.

REFERENCES

[1] R. Lachner, “Industrialization of mmWave SiGe Technologies: Status,
Future Requirements and Challenges,” in IEEE 13th Topical Meeting
on Silicon Monolithic Integrated Circuits in RF Systems, Jan. 2013, pp.
105-107.

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

I. Sarkas, J. Hasch, A. Balteanu, and S. P. Voinigescu, “A Fundamental
Frequency 120-GHz SiGe BiCMOS Distance Sensor With Integrated
Antenna,” IEEE Transactions on Microwave Theory and Techniques,
vol. 60, no. 3, pp. 795-812, Mar. 2012.

M. G. Girma, J. Hasch, M. Gonser, Y. Sun, and T. Zwick, “122 GHz
Single-Chip Dual-Channel SMD Radar Sensor with Integrated Antennas
for Distance and Angle Measurements,” in 44th European Microwave
Conference, Oct. 2014, pp. 1754-1757.

T. Jaeschke, C. Bredendiek, and N. Pohl, “A 240 GHz Ultra-Wideband
FMCW Radar System with On-Chip Antennas for High Resolution
Radar Imaging,” in IEEE MTT-S International Microwave Symposium
Digest, Jun. 2013, pp. 1-4.

S. Yuan, A. Strodl, V. Valenta, A. Trasser, and H. Schumacher, “Compact
120-140 GHz Radar Tx/Rx Sensors with On-Chip Antenna,” in /[EEE
Radio and Wireless Symposium (RWS), Jan. 2014, pp. 79-81.

J. Grzyb, K. Statnikov, N. Sarmah, B. Heinemann, and U. R. Pfeiffer, “A
210-270-GHz Circularly Polarized FMCW Radar With a Single-Lens-
Coupled SiGe HBT Chip,” IEEE Transactions on Terahertz Science and
Technology, vol. 6, no. 6, pp. 771-783, Nov. 2016.

M. Hitzler, S. Saulig, L. Boehm, W. Mayer, W. Winkler, N. Uddin, and
C. Waldschmidt, “Ultracompact 160-GHz FMCW Radar MMIC With
Fully Integrated Offset Synthesizer,” IEEE Transactions on Microwave
Theory and Techniques, pp. 1-10, 2017.

W. Mayer, A. Gronau, W. Menzel, and H. Leier, “A Compact 24 GHz
Sensor for Beam-Forming and Imaging,” in 9th International Conference
on Control, Automation, Robotics and Vision, Dec. 2006, pp. 1-6.

H. J. Ng, W. Ahmad, and D. Kissinger, “Scalable MIMO Radar Uti-
lizing Delta-Sigma Modulation-Based Frequency-Division Multiplexing



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]
[19]
[20]

[21]
[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]
[31]

[32]

[33]

[34]

Technique,” in European Radar Conference (EURAD), Oct. 2017, pp.
118-121.

Z.Peng and C. Li, “A Portable K-Band 3-D MIMO Radar With Nonuni-
formly Spaced Array for Short-Range Localization,” IEEE Transactions
on Microwave Theory and Techniques, vol. 66, no. 11, pp. 5075-5086,
Nov. 2018.

R. Feger, C. Wagner, S. Schuster, S. Scheiblhofer, H. Jager, and
A. Stelzer, “A 77-GHz FMCW MIMO Radar Based on an SiGe
Single-Chip Transceiver,” IEEE Transactions on Microwave Theory and
Techniques, vol. 57, no. 5, pp. 1020-1035, May 2009.

D. Zankl, S. Schuster, R. Feger, A. Stelzer, S. Scheiblhofer, C. M.
Schmid, G. Ossberger, L. Stegfellner, G. Lengauer, C. Feilmayr, B. Lack-
ner, and T. Biirgler, “BLASTDAR—A Large Radar Sensor Array System
for Blast Furnace Burden Surface Imaging,” IEEE Sensors Journal,
vol. 15, no. 10, pp. 5893-5909, Oct. 2015.

A. J. Kirschner, J. Guetlein, S. Bertl, and J. Detlefsen, “A Millimetre-
Wave MIMO Radar System for threat detection in patrol or checkpoint
scenarios,” in IET International Conference on Radar Systems, Oct.
2012, pp. 1-6.

D. Bleh, M. Rosch, M. Kuri, A. Dyck, A. Tessmann, A. Leuther,
S. Wagner, B. Weismann-Thaden, H. P. Stulz, M. Zink, M. RieBle,
R. Sommer, J. Wilcke, M. Schlechtweg, B. Yang, and O. Ambacher, “W-
Band Time-Domain Multiplexing FMCW MIMO Radar for Far-Field
3-D Imaging,” IEEE Transactions on Microwave Theory and Techniques,
vol. 65, no. 9, pp. 3474-3484, Sep. 2017.

S. Kueppers, H. Cetinkaya, and N. Pohl, “A compact 120 GHz SiGe:C
based 2 x 8 FMCW MIMO Radar Sensor for Robot Navigation in Low
Visibility Environments,” in European Radar Conference (EURAD), Oct.
2017, pp. 122-125.

T. Spreng, S. Yuan, V. Valenta, H. Schumacher, U. Siart, and V. Ziegler,
“Wideband 120GHz to 140 GHz MIMO Radar: System Design and
Imaging Results,” in European Microwave Conference (EuMC), Sep.
2015, pp. 430-433.

J. L. Volakis, Antenna Engineering Handbook. McGraw-Hill Ed., 2007.
D. Pozar, Microwave Engineering, 4th ed. John Wiley & Sons, 2012.
M. J. Pelgrom, Analog-to-Digital Conversion, 2nd ed. Springer, 2012.
H. Arora, N. Klemmer, J. C. Morizio, and P. D. Wolf, “Enhanced
Phase Noise Modeling of Fractional-N Frequency Synthesizers,” IEEE
Transactions on Circuits and Systems I: Regular Papers, vol. 52, no. 2,
pp. 379-395, Feb. 2005.

D. Banerjee, PLL Performance, Simulation, and Design, 4th ed., 2006.
M. C. Budge and M. P. Burt, “Range Correlation Effects in Radars,” in
Record of the IEEE National Radar Conference, 1993, pp. 212-216.
G. M. Brooker, “Understanding Millimetre Wave FMCW Radars,” Ist
International Conference on Sensing Technology, 2005.

K. V. Puglia, “Phase Noise Analysis of Component Cascades,” I[EEE
Microwave Magazine, vol. 3, no. 4, pp. 71-75, Dec. 2002.

M. Hitzler, P. Griiner, L. Boehm, W. Mayer, and C. Waldschmidt, “On
Monostatic and Bistatic System Concepts for mm-Wave Radar MMICs,”
IEEE Transactions on Microwave Theory and Techniques, vol. 66, no. 9,
pp. 42044215, Sep. 2018.

M. Bass, Handbook of Optics - Geometrical and Physical Optics, Po-
larized Light, Components and Instruments. McGraw-Hill Professional
Publishing, 2009.

J. Li and P. Stoica, “MIMO Radar with Colocated Antennas,” IEEE
Signal Processing Magazine, vol. 24, no. 5, pp. 106-114, Sep. 2007.
R. L. Haupt, “An Introduction to Genetic Algorithms for Electromag-
netics,” IEEE Antennas and Propagation Magazine, vol. 37, no. 2, pp.
7-15, Apr. 1995.

C. Vasanelli, R. Batra, and C. Waldschmidt, “Optimization of a MIMO
Radar Antenna System for Automotive Applications,” EuCAP, 2017.
E. Hecht, Optics. Pearson Education Limited, 2017.

C. M. Schmid, R. Feger, C. Pfeffer, and A. Stelzer, “Motion Compen-
sation and Efficient Array Design for TDMA FMCW MIMO Radar
Systems,” in 6th European Conference on Antennas and Propagation
(EUCAP), Mar. 2012, pp. 1746-1750.

C. M. Schmid, C. Pfeffer, R. Feger, and A. Stelzer, “An FMCW MIMO
Radar Calibration and Mutual Coupling Compensation Approach,” in
European Radar Conference, Oct. 2013, pp. 13-16.

1. Bekkerman and J. Tabrikian, “Target detection and localization using
mimo radars and sonars,” IEEE Transactions on Signal Processing,
vol. 54, no. 10, pp. 3873-3883, Oct 2006.

J. Bechter, F. Roos, and C. Waldschmidt, “Compensation of Motion-
Induced Phase Errors in TDM MIMO Radars,” IEEE Microwave and
Wireless Components Letters, vol. 27, no. 12, pp. 1164-1166, Dec. 2017.

)

Research and Technology Center North America, Palo Alto, CA, USA.
Mr. Diirr was a recipient of the Argus Science Award in 2015, the VDE
Award in 2015, and the VDI Award in 2017.

André Diirr (S’18) received the M.Sc. degree from
Ulm University, Ulm, Germany, in 2017, where he
is currently pursuing the Ph.D. degree.

In 2017, he joined the Institute of Microwave En-
gineering, Ulm University. His current research in-
terests include novel imaging radar sensor concepts,
phase noise mitigation, and performance degrada-
tion of non-coherent multi-channel radar systems
and their synchronization, all at millimeter-wave
frequencies.

From 2015 to 2016, he was an intern with Bosch

Dominik Schwarz Dominik Schwarz received the
M.Sc. degree from Ulm University, Ulm, Germany,
in 2018, where he is currently pursuing the Ph.D.
degree.

In 2018, he joined the Institute of Microwave
Engineering, Ulm University. His current research
interest include automotive MIMO radars with a
focus on high bandwidths, high channel counts, and
novel multilayer PCB structures.

From 2011 to 2018, he was an Intern with Hen-
soldt Sensors, Ulm, Germany.

Mr. Schwarz was a recipient of the IfKom award in 2016.

Stephan Héfner received the M.Sc. degree in
computer engineering from Technische Universitit
Ilmenau, Ilmenau, Germany, in 2012, where he is
currently pursuing the Ph.D. degree.

Since 2012, he has been with the Electronic
Measurement Research Laboratory, Technische Uni-
versitidt Ilmenau. His current research interests in-
clude array signal processing and high-resolution
parameter estimation for channel sounding and radar
applications.

Martin Geiger received the M.Sc. degree from Ulm
University, Ulm, Germany, in 2015, where he is
currently pursuing the Ph.D. degree.

In 2016, he joined the Institute of Microwave
Engineering, Ulm University. His current research
interests include novel radar sensor concepts with
flexible antennas, dielectric waveguides, and MMIC
interconnects, all at millimeter-wave frequencies.

Mr. Geiger was a recipient of the Best Student
Paper Award of the 2018 International Microwave
Symposium.



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

Fabian Roos (S’15) received the M.Sc. degree
from the Karlsruhe Institute of Technology, formerly
Universitdt Karlsruhe, Karlsruhe, Germany, in 2014.
He is currently pursuing the Ph.D. degree at the
Institute of Microwave Engineering, Ulm University,
Ulm, Germany.

His research interests include adaptivity and au-
tomotive radar signal processing for chirp-sequence
radar.

Martin Hitzler (S’13, M’19) received the Dipl.-
Ing. degree in electrical engineering from Ulm Uni-
versity, Germany, in 2012. In 2013 he joined the
Institute of Microwave Engineering at Ulm Univer-
sity, Germany and is currently finishing his Ph.D.
degree. In 2019, he joined MBDA Deutschland,
where he is responsible for current and future radar
systems.

He has design and system experience in the
fields of millimeter-wave modules, front-ends and
antennas for sensor applications. Further, Mr. Hitzler

)\

is experienced in the evaluation of complex components, subsystems and
systems. His research interests include pulse and FMCW radar sensors,
integrated antennas, MMIC packaging and interconnects.

Mr. Hitzler was a recipient of the ARGUS Science Award in 2013. He
serves as a Reviewer for different IEEE Transactions and Letters.

Philipp Hiigler (S’15) received the M.Sc. degree
in electrical engineering from Ulm University, Ulm,
Germany, in 2014, where he is currently pursuing
the Ph.D. degree at the Institute of Microwave En-
gineering (MWT).

His research focuses on close-up range FMCW
radar sensors and imaging radar front-ends at
millimeter-wave frequencies for UAV applications.

Reiner Thomd (M’92 - SM’99 — F’07) received
the Dipl.-Ing. (M.S.E.E.), Dr.-Ing. (Ph.D.E.E.), and
the Dr.-Ing. habil. degrees in electrical engineer-
ing and information technology from Technische
Hochschule Ilmenau, Germany, in 1975, 1983, and
1989, respectively.

From 1975 to 1988, he was a Research Associate
in the fields of electronic circuits, measurement en-
gineering, and digital signal processing at the same
university. From 1988 to 1990, he was a research
engineer at the Akademie der Wissenschaften der
DDR (Zentrum fiir Wissenschaftlichen Geritebau). During this period he was
working in the field of radio surveillance. In 1991, he spent a sabbatical leave
at the University of Erlangen-Niirnberg (Lehrstuhl fiir Nachrichtentechnik).
Since 1992, he has been a Professor of electrical engineering (electronic
measurement) at TU Ilmenau, where he was the Director of the Institute
of Communications and Measurement Engineering from 1999 until 2005.
With his group, he has contributed to several European and German research
projects and clusters such as RESCUE, WINNER, PULSERS, EUWB,
NEWCOM, COST 273, COST 2100, IC 1004, IRACON, EASY-A, EASY-C.
He was the speaker of the German nation-wide DFG-focus project UKoLOS,
Ultra-Wideband Radio Technologies for Communications, Localization and
Sensor Applications (SPP 1202). He became an advisory board member of
EU project mmMAGIC.

His research interests include measurement and digital signal processing
methods (correlation and spectral analysis, system identification, sensor arrays,
compressive sensing, time-frequency and cyclostationary signal analysis), their
application in mobile radio and radar systems (multidimensional channel
sounding, propagation measurement and parameter estimation, MIMO-, mm-
wave-, and ultra-wideband radar), measurement-based performance evaluation
of MIMO transmission systems including over-the-air testing in virtual elec-
tromagnetic environments, passive coherent location, and UWB radar sensor
systems for object detection, tracking and imaging.

Prof. Thomi is a member of URSI (Comm. A) and VDE/ITG. Since 1999
he has been serving as chair of the IEEE-IM TC-13 on Measurement in
Wireless and Telecommunications. In 2007 he was awarded IEEE Fellow
Member and received the Thuringian State Research Award for Applied
Research, both for contributions to high-resolution multidimensional channel
sounding. In 2014 he received the Vodafone Innovation Award.

Christian Waldschmidt (S’01-M’05-SM’13) re-

ceived the Dipl.-Ing. (M.S.E.E.) and the Dr.-Ing.

(Ph.D.E.E.) degrees from the University Karlsruhe

(TH), Karlsruhe, Germany, in 2001 and 2004, re-
, oy spectively.

o (S 3 From 2001 to 2004 he was a Research Assistant

\ f at the Institut fiir Hochstfrequenztechnik and Elek-

A tronik (IHE), Universitit Karlsruhe (TH), Germany.

- Since 2004 he has been with Robert Bosch GmbH,

in the business units Corporate Research and Chassis

i Systems. He was heading different research and

development teams in microwave engineering, RF-sensing, and automotive

radar.

In 2013 Christian Waldschmidt returned to academia. He was appointed
as the Director of the Institute of Microwave Engineering at University Ulm,
Germany, as full professor. The research topics focus on radar and RF-sensing,
mm-wave and submillimeter-wave engineering, antennas and antenna arrays,
RF and array signal processing. He authored or coauthored over 150 scientific
publications and more than 20 patents. Additionally, he is chair of IEEE
MTT-27 Technical Committee (wireless enabled automotive and vehicular
applications), executive committee board member of the German MTT/AP
joint chapter, and member of the ITG committee Microwave Engineering
(VDE). In 2015 and 2017 he served as the TPC chair and in 2018 as Chair
of the IEEE MTT International Conference on Microwaves for Intelligent
Mobility. Since 2018, Christian Waldschmidt serves as associate editor for
IEEE MTT Microwave Wireless Components Letters (MWCL). He is a
reviewer for multiple IEEE transactions and several conferences like IMS
and EUMW.




