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Next generation integrated SiGe mm-wave
circuits for automotive radar sensors

NILS POHLl, HERBERT KNAPP2, CHRISTIAN BREDENDIEK AND RUDOLF LACHNER”

In this paper, radar transmitter circuits for next generation automotive radar sensors are presented. A 79 GHz radar
transmitter with an output power of 14.5 dBm consuming only 165 mA (including frequency dividers) from a 3.3 V
supply voltage clearly shows the advantage of using an improved SiGe technology with an f.. of 380 GHz. In addition,
two radar transmitters for higher frequencies (around 150 GHz) based on frequency doubler circuits are showing the potential
of SiGe technologies. The first transmitter achieves an output power of 3 dBm (single ended) at 144 GHz, whereas the second
transmitters delivers a differential output power of o dBm at 150 GHz. Both transmitters achieve an ultra-wide tuning range

of about 45 GHz.
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. INTRODUCTION

In the last decade, integrated mm-wave SiGe circuits found
their way from research (e.g. [1, 2]) to mass-market appli-
cations in automotive radar sensors (e.g. [3, 4, 5]).

For next generation radar sensors, it is important to further
improve the performance of these circuits in order to reduce
the costs and make them more reliable and more flexible for
various sensors around a car.

It was the goal of the (radar on chip for cars) RoCC project
funded by the German Federal Ministry of Education and
Research to further improve radar sensors and their appli-
cations. This paper presents the project results of the circuit
design work package of this project.

One of the focuses was to demonstrate on circuit level,
what improvements can be achieved at 79 GHz due to the
improved npn-transistor on technology level, which was a
focused topic in another work package of this project. These
circuit level results at 79 GHz are presented in Section II.

In Section III frequency doubler circuits exploiting radar
transmitters at higher frequencies (around 150 GHz) are
demonstrated. These circuits are based on Infineon’s estab-
lished B7HF200 production technology.

. 79 GHZ RADAR TRANSMITTER

One of the goals of the RoCC project was further improve-
ment of the SiGe technology used for automotive radar

'Institute for Integrated Systems, Ruhr-University Bochum, D-44780, Bochum,
Germany

“Infineon Technologies AG, D-85579 Neubiberg, Germany.

Corresponding author:

N. Pohl

Email: nils.pohl@rub.de

https://doi.org/10.1017/51759078712000736 Published online by Cambridge University Press

circuits. The main focus of this development was the high-
frequency performance of npn transistors. In addition to
npn transistors, the process provides metal-insulator-metal
(MIM) capacitors, different types of resistors, pnp transistors,
and five layers of copper metallization.

The SiGe process developed within RoCC provides npn
transistors with a maximum oscillation frequency fn., of
380 GHz and a ring oscillator gate delay of 2.4 ps (see [6]).
For applications in the 77 GHz/79 GHz bands, this allows
for a significant reduction of the power dissipation of radar
circuits. Sufficiently low power consumption is a prerequisite
for the use of low-cost plastic packages.

In order to evaluate the progress in circuit performance
enabled by improved technology we have developed a
79 GHz radar transmitter. Figure 1 shows the block diagram
of the circuit. It contains a voltage-controlled oscillator, a
buffer stage followed by a power amplifier, and a frequency
divider. This allows us to evaluate all of the key building
blocks of a radar transmitter.

The voltage-controlled oscillator is based on a fundamental
Colpitts oscillator similar to the circuit in [1]. It uses two sep-
arate varactors for coarse and fine tuning to simplify fre-
quency control using a phase-locked loop. The center
frequency can be adjusted in discrete steps by laser fuses.
The oscillator is followed by a buffer stage consisting of a
differential cascode amplifier. The power amplifier, also
based on a cascode stage, is shown in Fig. 2. Its input is AC
coupled to the driver. The output matching network is rea-
lized with microstrip lines. They used the top metal layer
(metal 5) above a ground plane on metal 3.

An integrated frequency divider allows the implementation
of phase-locked loops for frequency control. The divider input
is coupled to the oscillator and has to operate at frequencies
exceeding 8o GHz. Therefore, the first frequency divider
stage is realized as a regenerative divider because of its
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Fig. 1. Block diagram of 79 GHz radar transmitter.

higher operating frequency and lower power consumption
compared with static dividers. The following divider stages
use conventional flip-flops. The divider output buffer contains
a multiplexer that allows us to select a divide ratio of 4 or 32.
The buffer provides a differential output signal and has on-
chip 50 €) termination resistors.

Figure 3(a) shows a chip photograph of the radar transmitter.
The chip size of 1400x 1100 um? is dominated by the pad frame.
The active circuit requires only a small fraction of the total area.

Figure 3(b) shows the tuning characteristics at T = 25°C
and T = 100°C when coarse and fine tuning inputs are con-
nected in parallel. The voltage-controlled oscillator achieves
a tuning range larger than 12 GHz. The measured output
power of the radar transmitter is higher than 14.5 dBm.
Owing to the high gain provided by the npn transistors even

at high temperatures, the output power drops by less than
1 dB between 25 and 100°C. The performance of the radar
transmitter is summarized in Table 1.

The excellent high-frequency performance of the transis-
tors allows the circuit to operate with low power consumption.
The supply current of the entire chip, including oscillator,
buffer and power amplifiers, and the frequency divider is
only 165 mA at a supply voltage of 3.3 V. This is a reduction
of approximately 50% compared with similar building blocks
in an earlier SiGe process generation [7].

. RADAR TRANSMITTER FOR
f> 100 GHz

In order to evaluate the capabilities of radar transmitter circuits
for higher frequencies above 100 GHz, we implemented two
different frequency doubler circuits in Infineon’s established
production process ByHF200 (see e.g. [8]). It is a 0.35 um
SiGe bipolar technology with a minimum emitter width of
0.18 um, both shallow and deep trench isolation, and four
Cu metallization layers. Three resistor types, MIM capacitors,
differential high-performance varactors [9], and Al-fuses are
available. At optimum current density, the transistor cut-off fre-
quencies are fr = 170 GHz and f,,,x = 250 GHz, respectively.

The block diagram of the radar transmitters is shown in
Fig. 4. As fundamental oscillators do not work for signal
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Fig. 3. 79 GHz radar transmitter: (a) chip photograph and (b) measured tuning characteristics (coarse and fine tuning inputs connected in parallel).
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Table 1. Summary of radar transmitter data.

Parameter [7] [5] This work
Tuning range 7 GHz 10 GHz >12 GHz
Output power >16 dBm 2 X 13 dBm >14.5 dBm
Output power drop na. <1dB @ 100°C 2dB @ 125°C
Frequency divide ratios /4, /32 768 /4, /32
Supply voltage 5.5V 3.3V 3.3V

Supply current 510 mA 530 mA 165 mA

Chip size 3.06 mm” 6.5 mm” 1.54 mm>

Integration level VCO, PA, divider

VCO, PA, divider LO output VCO, PA, divider

vesaens. o iG@ Transmitter Ghip
72/756Hz VCO T Frequency Doubler

Antenna

a Receiver
'
Signal
Processing

Fig. 4. Block diagram of radar transmitter for frequencies around 150 GHz
based on a frequency doubler circuit fed directly by a VCO.

generation up to the transit frequency, or to be precise, they
show strongly degraded properties with respect to phase noise,
output power, and tuning range. Therefore, the transmitters
use a fundamental oscillator at half of the desired frequency
followed by one of the two frequency doubler circuits.

The oscillator is realized as a differential oscillator and is
already presented in [10]. It delivers sufficient amplitude of
~11 dBm for driving a frequency doubler. The additional fre-
quency divider (+4) for PLL-stabilization consists of two regen-
erative divider stages presented in [11]. Finally, a coupler, a
mixer, and an antenna can be added for wideband radar
measurements similar to [12].

For evaluation of a frequency doubler, we implemented two
different concepts (see Fig. 5). The first frequency doubler
concept (DBL1, Fig. s5(a), cf. [9, 13, 14]) is based on a
common emitter amplifier stage, where both collector nodes
are connected together to sum up both current peaks of the dis-
torted transistors T resulting in a single-ended signal with a
doubled frequency. The output signal is transformed by the
lines L, L,, Lg, and C, and given to the output pads.

As is well known, especially at mm-waves the use of differ-
ential circuit topologies results in many advantages.

2 Qutput
L.v

from VCO

(a)

Fig. 5. (a) Schematic of the single-ended doubler (DBL1). (b) Schematic of the Gilbert-Cell doubler (DBL2).
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Therefore, we also implemented a fully differential frequency
doubler based on a Gilbert-Cell mixer (DBL2, Fig. 5(b), cf. [15,
16]). It has to be mentioned, that a Gilbert-Cell will only be
fully differential, under simplified small signal conditions.
Therefore, we added an additional common base stage (T’)
for better balanced output signals and reduced miller effect
(cf. [16]).

The chip photographs of both radar transmitters are
shown in Fig. 6. The measurement results of both circuits
are shown in Fig. 7. The tuning characteristics in Fig. 7(a)
show slightly different center frequencies of 144 GHz
(DBL1) and 150 GHz (DBL2), which were chosen for
optimal performance of the dividers. Both tuning ranges
are ~45 GHz as expected from the used ultra-wide VCO
(cf. [10]). The measured peak output power in Fig. 7(b)
results in an excellent value of 3 dBm for the single-ended
doubler (DBL1) and a lower, but quite well balanced, value
of 2x—3dBm=o0dBm for the differential doubler
(DBL2). A strong decay of the output power for higher fre-
quencies may limit the usable frequency range (e.g. 130-
160 GHz, below 3-dB variation) in practical applications.
The measured phase noise at 1 MHz offset frequency
(Fig. 7(c)) stays between —94 dBc/Hz and —84 dBc/Hz in
the complete tuning range of both circuits.

The performance of both radar transmitters is summarized
in Table 2 and compared to previously published state-of-the-
art signal sources in this frequency range. Both circuits
confirm the feasibility of signal generation for ultra-wide
band short range radar systems around 150 GHz even in an
established production technology with a transit frequency
of 170 GHz. Compared with the state-of-the-art, a very
good performance is shown although all other implemen-
tations use faster technologies.
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Fig. 6. (a) Photograph of the single-ended doubler chip (DBL1). (b) Photograph of the Gilbert-Cell doubler chip (DBL2).
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Fig. 7. (a) Measured oscillation frequency versus tuning voltage of the two doubler chips. (b) Measured output power versus frequency. (c) Measured phase noise

versus frequency.

Table 2. Summary of the 144/150 GHz radar transmitters compared with the state-of-the-art in modern SiGe technologies.

This work [17] [18] [19]

DBL1 DBL2
SiGe Technology fr / fmax 170/250 170/250 240/340 360/380 200/275 GHz/GHz
Topology VCO+ VCO+ VCO+ VCO + Trippler Push-Push

Doubler Doubler Buffer -+ Amplifier VCO
Peak output power 3 o 3 5 —4,5 dBm
Frequency 144 150 151 160 187 GHz
Phase Noise @1 MHz (min) —93 —90 —86 —80 —-73 dBc/Hz
Tuning range (3 dB) 39 33 13 7 7 GHz
DC-Power 410 430 125 1221 215 mW

IvV. CONCLUSION

The radar transmitter at 79 GHz clearly shows the advantage of
using an improved technology. Owing to the use of a technology
with an f,,, of 380 GHz, the power consumption of the circuit s
reduced by about 50% compared to the production technology
(fmax = 250 GHz). Thislow power dissipation enables the use of
plastic packages. Hence, areduction in the overall assembly costs
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of the radar sensor can be obtained, which is mandatory to bring
radar sensors in low-cost cars.

In addition, the potential of SiGe technologies for signal
generation up to the transit frequency is shown with two differ-
ent frequency doubler concepts. A single-ended frequency
doubler achieves an output power of 3 dBm at 144 GHz,
whereas a fully-differential Gilbert-Cell doubler achieves a
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slightly lower output power of o dBm (diff.), but enables the
use of differential signals at these frequencies.
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