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ABSTRACT The number of environment-detecting sensors inside cars continuously increases, to enable
failsafe autonomous driving. With more sensors, the probability of performance degrading interferences
increases. A promising solution to the interferences is orthogonal frequency division multiplex (OFDM)
radar. Due to the complex modulation scheme, the analog front end, especially the power amplifier in the
transmitter, has to deal with a high peak-to-average power ratio. Therefore, conventional amplifiers have
to be operated in power back-off to maintain linear operation at the drawback of reduced power-added
efficiency. To mitigate this problem, a Doherty power amplifier for an automotive radar transceiver is
proposed. In this work, we present a design methodology for an integrated Doherty amplifier for automotive
radar applications, focussing on the theory of operation by analyzing transistor-level simulations. Small- and
large signal simulations analyze the concept of load modulation for a Doherty amplifier in the automotive
frequency band from 76-81 GHz. Using a fully differential transmission-line-based approach, we showcase
the superior performance of an automotive Doherty amplifier over an conventional state-of-the-art reference
amplifier. In measurements, the proposed Doherty amplifier achieves a saturated output power of 17.2 dBm
with a peak power-added efficiency of 11.6%. When operating in 6 dB back-off, the PAE still amounts to
6.1%. Thereby we propose to improve conventional automotive power amplifiers by incorporating them into
a Doherty amplifier.

INDEX TERMS Doherty, power amplifier, automotive, W-Band, millimeter-wave (mm-wave), monolithic
microwave integrated circuit (MMIC), SiGe.

I. INTRODUCTION

Fully autonomous driving is one of the most promising tech-
nological solutions to the challenges of modern personal
transportation. Therefore, environment detecting sensors that
operate robustly for any weather and lighting condition are re-
quired. Radar sensors are robust for a wide range of scenarios,
so they are an excellent choice for autonomous driving.

For advanced driver assistance systems like adaptive cruise
control, long-range radar is already used in the mass market.
These sensors are based on the frequency-modulated continu-
ous wave (FMCW) concept, as it allows for precise detection

of range and relative velocity [1]. For long-range scenarios
such as highway driving, these FMCW radar sensors are per-
fectly suitable as the number of targets that has to be detected
is small. In addition, these targets are spacially mainly limited
to a small angular range in the direction of travel, which can be
scanned with a small number of radar sensors. However, when
considering dense urban traffic scenarios, the requirements of
the sensors change.

In particular, the number of targets at close range to the
sensor dramatically increases resulting in a significantly in-
creased angular range the sensor has to cover. Multiple input
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FIGURE 1. Block diagram of the proposed differential Doherty amplifier. The load modulation networks are realized with transmission lines to achieve a
fully differential design while being able to adapt the network through cutting laser fuses after manufacturing.

multiple output (MIMO) radar sensors, which consist of mul-
tiple transmit and receive channels, are capable of covering
the increased angular range and thus enable angle-resolved
distance measurement. Furthermore, in a dense urban sce-
nario, the number of vehicles that are also equipped with
radar is significantly higher, which increases the probabil-
ity of mutual interference between individual radar sensors
and can lead to the detection of ghost targets [2]. An
approach to improve the sensor’s robustness against interfer-
ence is to use orthogonality in the modulation schemes of
the sensors. Since those challenges have successfully been
addressed by the use of orthogonal frequency division mul-
tiplexing (OFDM) in mobile communications, utilizing the
same modulation scheme in automotive radar is an ongoing
research topic both in signal processing and hardware real-
ization. Unlike for FMCW based radar, complex modulation
schemes like OFDM require a software-defined-radio-based
hardware platform [3], [4], [5]. One of the key compo-
nents in such a platform is the power amplifier (PA) as it
has to handle a high peak-to-average power ratios (PAPRs)
originating from the large number of orthogonal subcarri-
ers inside an OFDM symbol. Therefore, in contrast to an
FMCW radar, the power amplifier cannot be operated in
saturation, where it simultaneously offers the highest out-
put power and efficiency. To ensure a linear amplification
of OFDM signals, the power amplifier has to be operated in
power back-off (PBO) from the compression. Thus reducing
its power-added efficiency (PAE) and the radar’s signal-to-
noise ratio (SNR) due to the lower output power. However,
since those drawbacks also affect mobile communications,
several approaches have been introduced in that field of re-
search. On the one hand, techniques like selected mapping or
tone reservation can be used to initially reduce the PAPR [6].
However, these methods have several drawbacks, like in-
creasing the bit error rate (BER), data rate, or computational
complexity. On the other hand, there are several hardware-
related approaches to deal with distortions caused by a high
PAPR.

Besides envelope tracking or outphasing techniques like the
Chireix amplifier [7], [8], the Doherty amplifier is one of the
most commonly used approaches to increase the PAE in the
PBO. The Doherty architecture originates from tube-based ra-
dio transmitters in the 1930s [9] to cope with enormous power
consumption, reduce operating costs and improve device life-
time and reliability. With the transition towards solid-state
circuits and more complex modulations getting popular, the
Doherty amplifier became an attractive solution for cellular
base stations [10]. Due to the advent of digital modula-
tion in automotive radar, the Doherty amplifier represents a
promising architecture for the next generation of automo-
tive radar sensors. In recent years several publications have
shown Doherty designs for increasingly higher frequencies
reaching up to 130 GHz, proving an increased PAE in the
PBO [11], [12], [13]. However, the state-of-the-art power
amplifiers for automotive radar sensors are often realized
as conventional differential amplifiers operated in the class-
A regime. Therefore we propose a design methodology for
a transmission-line-based Doherty amplifier for automotive
OFDM radar that incorporates a conventional class-A carrier
amplifier, which stands substitutionally for conventional state-
of-the-art automotive amplifiers. This methodology offers a
practicable design concept to improve conventional automo-
tive power amplifiers in terms of PBO performance, linearity,
and output power. Thereby we showcase the Doherty architec-
ture as a promising solution improving the hardware platform
for automotive OFDM radar in terms of efficiency and output
power.

We recently published a brief overview of the proposed
Doherty amplifier, containing the basic circuit concepts and
first small- and large-signal measurements [14]. This article is
an extended version, expanding the information on all circuit
components. Especially the load modulation is considered in
more detail and supported by theory and simulations. Fur-
thermore, linearity investigations extend this article. Therein,
the performed measurements of the error vector magnitude
(EVM) highlight the concept’s suitability for OFDM radar
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FIGURE 2. Schematic of the proposed auxiliary amplifier consisting of a
common-emitter amplifier and two stacked common base stages.

systems by improving upon the carrier amplifier’s output
power and PAE at the same EVM.

This article is therefore organized as follows: Section II
describes the functioning principle of the proposed Doherty
amplifier and highlights the key components and design pa-
rameters, which will be especially important for mmWave
frequencies. Furthermore, the design flow of the proposed
amplifier is examined in simulation. Measurement results of
the Doherty amplifier are shown in Section III. Finally, con-
clusions are drawn in Section IV.

Il. ARCHITECTURE AND SIMULATIONS

The Doherty architecture consists of two separate amplifier
circuits, as depicted in the block diagram of the proposed
amplifier in Fig. 1. As the carrier amplifier is the main ampli-
fying component, it is biased in class-A regime and thus oper-
ates for any input signal level. The second amplifier, which is
connected in parallel, offers an inputpower-dependent ampli-
fication characteristic. For low input powers, when the carrier
amplifier operates linearly, the auxiliary amplifier is designed
to be inactive. When the carrier amplifier is driven into sat-
uration, the auxiliary amplifier starts to contribute current to
the shared load, lowering the impedance seen from the output
of the carrier amplifier. The load-modulating network that
connects the outputs of the carrier and the auxiliary amplifier
ensures that for low input powers, the auxiliary amplifier is
seen as a high impedance and does not contribute to the load.

Bias Voltage Vias (V)

FIGURE 3. Simulated collector current in dependency of the base potential
at a temperature of 80 °C. Operating the transistor in the marked region,
the characteristic of the collector current can be used to realize the
auxiliary amplifier, as shown in Fig. 2. The specific operation point is also
marked.

Therefore the carrier amplifier sees an output impedance of
2R for low input powers. The output impedance seen by the
carrier amplifier reduces to R for increasingly higher input
powers as the auxiliary amplifier turns on and modulates the
impedance. This load modulation shifts the compression point
towards a higher power level and increases the PAE in back-
off.

A. AUXILIARY AMPLIFIER

The Doherty amplifier demands an input-power-dependent
amplification characteristic inside the auxiliary amplifier to
realize the load modulation. Therefore, the circuitry of the
proposed auxiliary amplifier is shown in Fig. 2. This amplifier
is biased in class-C operation. Therefore a current-mirror-
based current source can not be used, as it forces the amplifier
to class-A operation. Instead, the amplifier consists of a quasi
differential common emitter circuit with two stacked common
base stages. The emitters of the common emitter stage are
directly connected to ground. A resistive divider connects to
the bases of T and T to adjust the base potential and, thereby,
the base-emitter-voltage Vpg. Therefore the base potential of
T and T, adjusts the bias point of this circuitry.

Biasing the transistors T and T in the region marked gray
in Fig. 3 ensures that the core current Icore aux Of the auxiliary
amplifier remains insignificant for low input amplitudes. For
increasing input amplitude, Icore,aux rises. This results in an
increased DC current consumption and, therefore, amplifying
characteristic dependent on the input power Pi,:

6o = |

For input powers below the turn-on-point P, to, the am-
plifier stays inactive and offers a power gain Gp below 0 dB.
Above an input power of P, To, the DC current consumption
of the auxiliary amplifier increases up to 75 mA, resulting in
a significant power gain. Biasing the bases of T| and T, at a

<0dB, Py < Pin,TO

>0dB Py > Puto )
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FIGURE 4. Output power characteristic of the proposed auxiliary amplifier
and the carrier amplifier. Based on the simulation, P;, 1o is designed to be
approximately —10 dBm. Due to the exponential characteristic of the
auxiliary amplifier the amplifier's DC current consumption is
input-power-dependent.

bias voltage of approximately 700 mV results in a simulated
output power characteristic shown in Fig. 4. In the small
signal regime, well below P, To, the power gain amounts to
—9 dB. In the active region, the amplifier offers a gain of
up to 10 dB and saturated output power of 18 dBm. Beside
the auxiliary amplifier’s behaviour the characteristic of the
proposed carrier amplifier which will be explained in more
detail in Section II-B is also shown in Fig. 4. In contrast to
the auxiliary amplifier, the carrier amplifier offers an almost
constant current consumption and is therefore active even at
low input power. Given the fact that the auxiliary amplifier’s
turn-on point must match the carrier amplifier’s input referred
1 dB compression point, determining the amplifier’s layout
parasitics reliably is essential. Especially the resistive para-
sitics of the transistors T > have to be carefully designed, as
parasitics at the emitter of the common-emitter transistors T 2
degenerate the amplifier. Furthermore, the layout realization
of the base contact has to be designed for a resistance as low as
possible to maintain the transistor’s speed. The circuit’s input
impedance has been designed to match 100 €2 when turned on.
The design of the amplifier’s output matching network, on the
other hand, is based on a different design goal. Considering
the amplifiers output impedance when the amplifier is turned
off, as shown in Fig. 5, an output impedance of Zyy; of
10 — j400 2 can be observed. As the Doherty amplifier’s load
modulation is based on the fact that the auxiliary amplifier acts
as a high impedance when inactive, a separate matching net-
work consisting of the transmission line 7 Ly oyt 1S necessary
to create a high-impedance behavior. The transmission line
transforms the Zyy,1 into a Zoye 2, increasing the real part of
the impedance from 20 €2 to 400 2.

B. CARRIER AMPLIFIER

The carrier amplifier is realized as a differential common-
emitter stage, followed by a stacked common base stage as
shown in Fig. 6. By using a current mirror, the core current

FIGURE 5. Smith chart, normalized to differential 100 2, showing the
input and output impedance of the proposed auxiliary amplifier. The input
impedance is near 100 2 and therefore offers a good match. By using the
transmission line 7Ly out at the amplifier's output, the output impedance
gets transformed into a real impedance of 400 ©.

Components:

TL, 150 pm
TLiy, 50 pm
TLy 90 pm
Emitter length:

T\4 20 pm each
Ts 40 um each
Te7 1.5 um each
Current:

Leorscar. =.7OMA

3.3V

1
o 1l :
IN NJ_ C'is ? 7
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FIGURE 6. Schematic of the proposed carrier amplifier. It consists of a
differential cascode amplifier. The core current Icore,car Of 70 mA is
adjusted using of a current mirror with an emitter follower buffer.

Icore,car 15 adjusted. It incorporates an emitter-follower buffer
to reduce the current mirror’s gain error for high mirror ratios
due to non-negligible base currents. The carrier amplifier’s
core current Ioore cor amounts to 70 mA. Each of the core
transistors T|_4 consists of five parallel blocks of 4x 0.96
um x 0.12 um to achieve maximum ft for the chosen current
Leore car- To match the amplifier’s input to 100 €2, a parallel
shorted stub T Ly with a length of 100 um and a parallel 20
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FIGURE 7. (a) Simulated output power and PAE of the proposed carrier
amplifier depicted over input power. The amplifier offers a simulated
linear power gain of 19 dB and a peak PAE of 16.7%. (b) Simulated input
match and small signal power gain versus the operating frequency. The
circuit is optimized for 79 GHz after parasitic RC extraction and offers an
input matching better than —10 dB from 72 GHz to 85 GHz. In this
bandwidth, the small signal gain amounts to at least 17 dB.

fF-MIM capacitor Cy;,p have been used. The series capacitor
Cw s functions as a DC block, and with a size of 180 fF, it has a
marginal impact on the input match. According to simulation
results, the loss of the input matching network amounts to 0.5
dB. As can be seen in Fig. 7, an input match better than —14
dB was achieved for the frequency region of interest from
76 GHz to 81 GHz, including layout parasitics of the core
transistors.

A load-pull analysis of the amplifier’s output was per-
formed to maximize the efficiency of the sole carrier amplifier.
The corresponding simulation results are shown in Fig. 8. The
maximum performance is achieved for an output impedance
of 70 4 j37 Q. Therefore a matching network consisting of
a series MIM capacitor with a value of 550 fF and 150 um
series transmission line has been designed. The simulated
large signal response is given in Fig. 7(a)) and shows an
input-referred 1 dB compression point of —4.9 dBm, at which
an output power of 11.5 dBm is achieved. While the maximum
PAE amounts to 16.7%, the efficiency degrades to 4.1% at 6
dB-PBO. This simulation takes layout parasitics of the core
transistors Tj_4 and EM simulations of the required matching
networks into account. For the PAE simulation the power
dissipation of the amplifier including the biasing networks is
considered.

Besides being integrated into the Doherty circuitry, this car-
rier amplifier also suits as a reference amplifier for comparison
reasons, as it performs comparably to the state-of-the-art [15],
[16], [17].

C. LOAD MODULATION

Modulating the output impedance seen by the carrier am-
plifier is the fundamental mechanism of the Doherty ampli-
fier. Therefore realizing the connection between the carrier

FIGURE 8. Load-Pull simulation of the proposed differential carrier
amplifier depicted in a Smith chart that is normalized to 100 ©. The
optimum differential impedance Z,,t amounts to 70 2 + j39 2, while the
matching network at the carrier amplifier’s output is included in the
simulation.

and auxiliary amplifier is essential to generate the load-
modulating network. In recent publications, this connection
is realized with EM simulated couplers [11], [18], [19]. The
most common solution at low frequencies is a transmission-
line-based quarter-wavelength transformer. For 5 G/LTE fre-
quencies, it can be realized on the PCB level. However,
for frequencies around 79 GHz, a quarter-wavelength trans-
mission line amounts to 480 um in length, which is suit-
able for on-chip integration. Besides the compact design, a
transmission-line-based realization offers the benefit of post-
production trimming the length of the transmission line using
laser fuses. Thereby the performance can be optimized after
production. Due to these arguments, the transmission-line-
based approach for the load-modulating network was chosen
for this work.

The load-modulating network incorporates the quarter-
wavelength transmission line 7'Lqy, which connects the out-
put of the two amplifiers. This transmission line exhibits a
length of 480 pum at a width of 8.5 um to achieve a character-
istic impedance Zy g of 50 Q. T'Lq; is used to transform the
impedance at node A in Fig. 1 into the impedance Zyy car. As
the auxiliary amplifier is connected to node A, the impedance
at that point and, thereby, Zyy car is input power-dependent.
Assuming a low input power, which results in inactivity of the
auxiliary amplifier, the output of the auxiliary amplifier ide-
ally offers a high impedance. Thereby the impedance Zoyt,car
is given as:

Z5 o
Zout,car = 2’ = 2L 2

0,03
As measurement equipment in the W-band is usually cal-
ibrated to a single ended 50 2 reference, the external load
impedance Zp, equals 50 €2. At an operating frequency of 79
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TL Quarter

FIGURE 9. Contribution of the individual elements of the output matching
and impedance inverting network presented in a smith chart with a
reference impedance of 100 2. Due to parallel and series transmission
lines TLp and TLs, the influence of the connecting pad is resonated and
transformed into a differential impedance of 50 ©. The connected
quarter-wavelength transmission line 7 Loyarter transforms it to 200 .
When the auxiliary amplifier contributes current to the load for increasing
input power, a modulation of the impedance Zgyt car is caused.

GHz, Z;, does not amount to precisely 50 €2 due to the ca-
pacitance of the connected pad needed to contact the MMIC.
As shown in Fig. 9 the output pad result in an impedance
of 30 — j12.5 Q. Therefore, the impact of the pad has to
be minimized by the use of a transmission line in parallel to
the pad to form a high impedance parallel resonator with the
capacitive behavior of the pad. This results in 50 Q2 real part
impedance at 79 GHz.

The transmission line T'Lg3 offers a width of 16 um to
achieve a characteristic impedance of Zj o, = 35.4Q and
transforms 7y, into 25 © at node A. As long as the auxiliary
amplifier exhibits a high output impedance, T'Lgp3 transforms
the impedance into Zyy car = 100 2.

For increasing input power level, the auxiliary amplifier
begins to turn on. Thereby it contributes current to node A,
resulting in a reduction of Zoy¢ car, as seen in Fig. 10. It depicts
the real part of Zyy car over the achieved output power. It
illustrates that the impedance reduces towards higher output
powers as the auxiliary amplifier turns on at an output power
of 9 dBm. For low output powers, when the auxiliary amplifier
is inactive, Zoyt,car remains constant at approximately 80 €2,
which slightly differs from the ideal 100 €2 that would be ex-
pected from theory. This is due to the finite output impedance
of the auxiliary amplifier in the off-state, as explained in
Section II-A.

D. DOHERTY AMPLIFIER - SIMULATION RESULTS

The simulation results of the resulting differential Doherty
amplifier are presented in Fig. 11. The solid black line
represents the power gain over the achieved output power. The

300
—— 8%(Zuut,'cmx)
— — %(Zout,aux)
\G_/ 200 —e— %(Zout,car)
() —_— S(Zout,caur)
Q
100 N
e
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FIGURE 10. Output impedance of the carrier and auxiliary amplifier. For
low output powers of the Doherty amplifier, the auxiliary amplifier is
inactive, resulting in a real part of the Zyyt car Of approximately 100 2 and
a Zout,aux Of 280 Q. For output powers greater than 0 dBm, Zoyut car reduces
due to the load modulation caused by the auxiliary amplifier.
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FIGURE 11. Single-tone simulation results of the proposed Doherty
amplifier. The solid black line represents the power gain, with the 1 dB
compression in the dashed line. A linear power gain of 10 dB can be
observed. For an output power above 10 dBm the gain increases as the
auxiliary amplifier starts to amplify. The Doherty amplifier achieves a
higher PAE than the carrier amplifier, that is scaled to a similar output
power.

power gain stays constant for small input powers, where only
the carrier amplifier is active. In the output power range from
10 dBm to 15 dBm, the gain is increased because the auxiliary
amplifier is active and modulates the carrier amplifier’s load
and extends the 1 dB compression. Considering the PAE, a
slight peak in the PAE at an output power of 15 dBm can
be observed. Comparing this slightly peaked efficiency to the
PAE of the sole carrier amplifier at the PBO, the efficiency
is increased by a factor of 1.52 due to the load modulation.
In addition, the phase of the transmission along the amplifier
for increasing output power, the AM/PM conversion, shows a
maximum phase variation of 30° as shown in Fig. 12.

IIl. MEASUREMENT RESULTS

A. MEASURING FIXTURES

To characterize differential amplifiers, mmWave vector net-
work analyzers (VNA) offer enough ports to characterize
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FIGURE 12. Single-tone AM/PM simulation of the proposed Doherty
amplifier. While the transmission’s phase rises with increasing output
power, a slight reduction can be observed at 15 dBm, where the load is
modulated by the carrier amplifier.

differential small-signal S-parameters. The available VNA is
the E8257D equipped with the 1 mm coaxial frequency exten-
ders N5295 A from Keysight. This setup offers four ports to
excite the device under test (DUT) differentially. This VNA is
also capable of sweeping the input power to characterize the
large signal behavior. However, the VNA cannot be used for
the large signal measurements of the proposed structure, as
the frequency extenders begin to saturate at an output power
of 3 dBm. Given the fact that the proposed amplifier offers
medium gain while being highly linear, it cannot be driven
into saturation. Therefore the DUT cannot be fully character-
ized using the available VNA.

Alternatively, a measurement setup using a continuous
wave (CW) signal source is used. To measure the amplifier’s
absolute output power, a power meter with a single ended
input has to be connected to the output. Thereby, only one
of the two signal pads of the differential output is loaded
with 50 Q. However, to ensure a balanced load at the output
of the amplifier, a 50 € on-chip resistor is connected via a
fuse to the second output pad that is not connected to the
power meter. To operate the MMIC fully differentially, the
resistor can be removed by laser cutting aluminum fuses after
production.

As the CW signal source at the DUT’s input is waveguide-
based, it can only be connected to one of the signal pads of the
differential input. Placing a 50 €2 resistor at the unconnected
input pad is not a suitable solution to characterize the differen-
tial behavior, as this approach is solely valid for small signal
operation. Therefore a lumped element balun forms a single-
ended interface towards the amplifier. The realization is shown
in Fig. 14. The balun offers a compact layout and exhibits
simulated losses below 1 dB in the frequency range of inter-
est. Furthermore, the phase difference between S and S3;
remains almost constant at 180° over 30 GHz of bandwidth.
Therefore the balun is an excellent choice to differentially
drive the input of the power amplifier from a single-ended
signal source. The proposed architecture and breakouts of
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FIGURE 14. (a) Layout of the proposed lumped element balun consuming
an area of 90 um x 120 pm. (b) EM-Simulated, S-parameters of the balun
showing an input match better than —10 dB in the frequency region of
interest. The losses for the single-ended to differential conversion amount
to 0.6 dB.

the carrier and the auxiliary amplifier were fabricated in a
development lot for IHP’s next-generation 0.13 um SiGe
HBT BiCMOS technology SG13G3. The HBTs achieve peak
fr/ fmax values of about 470 GHz / 650 GHz. Basic features of
the HBT technology were outlined in [21], [22]. A micrograph
of the fabricated Doherty amplifier and the necessary baluns
with overlays of the corresponding schematics is depicted in
Fig. 15. The transmission lines that connect the carrier and
the auxiliary amplifier are equipped with fuses that can be
laser cut. Thus, the line length is adjustable after production.
In front of the carrier and the auxiliary amplifier, lumped-
element Wilkinson dividers, as presented in Fig. 13 are placed
to achieve an equal power split into the amplifiers.

B. SMALL-SIGNAL MEASUREMENTS

The setup to measure the small-signal S-Parameters is de-
picted in Fig. 16. The VNA is equipped with the 1 mm
frequency extender and contacts the MMIC through Cascade
Infinity probes in a GSG configuration. To de-embed the
probes, a SOLT calibration on an impedance standard sub-
strate was performed to shift the calibration plane towards the
probe’s tip.

Measurements of the small-signal S-Parameters are pre-
sented in Fig. 17. The solid black line represents the input
matching, including the input balun, resulting in an S| below
—10 dB in the frequency range from 60 GHz to 90 GHz. The
small-signal gain amounts to a maximum of 11 dB. However,
the bandwidth is reduced, compared to the simulations and
the gain maximum is shifted towards lower frequencies. In
the frequency range of interest the gain amounts between
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900 um

FIGURE 15. Micrograph of the proposed Doherty amplifier, incorporating a
lumped element balun at the amplifier’s input and output. Furthermore, 50
Q terminating resistors are placed at the output as an alternative concept
to measure the large-signal performance with a single-ended
measurement setup. Fuses that can be cut after production are used to
choose the output configuration and to adjust the length of the
transmission lines inside the amplifier.

VNA Keysight
PNA-X
E8257D
Extender Extender
Keysight Keysight
N5295AX03 DUT N5295AX03

FIGURE 16. Block diagram of the measurement setup for small-signal
characterization. The N5295 frequency extenders offer a 1 mm coaxial
interface. Therefore, Cascades Infinity Probes are used in a GSG
configuration. An SOLT calibration on an impedance standard substrate is
performed to shift the calibration plane toward the probe’s tip.

8 dB and 10 dB. A possible reason for that shift towards
lower frequencies is the lumped element balun, whose layout
parasitics lower its performance.

C. LARGE-SIGNAL SINGLE-TONE MEASUREMENTS

To perform large-signal measurements, the setup shown in
Fig. 18 has been used. It consists of a Keysight PSG E8257D
to generate a continuous wave signal at a sixth of the desired
operating frequency. This signal drives a Millitech AMC-10
frequency sixtupler to generate a CW signal in the W-band.
A motorized waveguide attenuator (MWA) by Millitech is
used to vary the output power. Between the MWA and the
probe that contacts the MMIC’s input, a waveguide amplifier
(WRI10AMP) by Virginia Diodes is used to ensure sufficient
power to drive the amplifier. The absolute power level at the
amplifier’s output is measured with a Keysight 1 mm coaxial
power meter (U8489 A). The losses of the fixtures, dominated
by the probes and the connected 1 mm coaxial cables, are
determined when operating the amplifier with a small input
power, where the amplifier operates linearly. By measuring
the losses of the 1 mm coaxial cables separately with the

Magnitude (dB)

Frequency (GHz)

FIGURE 17. S-Parameters of the proposed Doherty amplifier. The results
(solid) are shifted towards lower frequencies compared to the simulations
(dashed), resulting in a reduced small signal gain in the frequency range of
interest. However, below that frequency range, the small signal gain
appears higher than simulated.

/

CW Source x6 ATT. VDI
Keysight PSG >-{Millitech >Millitech >{WR10
E8257D AMC-10 M\}VA—lO AMP
Powermeter
Keysight  [<{Probe Probe}
UB489A

FIGURE 18. Block diagram of the measurement setup for large-signal
characterization. A Keysight PSG driving a frequency sixtupler generates a
CW signal in the W-band. A cascaded waveguide amplifier with a
programmable attenuator ensures enough input power to the DUT to drive
it into saturation.

VNA, the losses at the input and the output fixture could
be separated. Probing a back-to-back structure of contacting
pads enabled measuring the losses of the probes. Under the
assumption that both probes offer identical losses, the probe
losses of 1.5 dB each were de-embedded from the measure-
ment.

The large signal measurement results are presented in
Fig. 19 and show the measured power gain and the achieved
PAE over the realized output power. In addition to the mea-
sured characteristics of the Doherty amplifier the behaviour
of the separate breakouts of the carrier and auxiliary amplifier
are included. Each circuit was measured independently with
the same measurement setup. It can be seen that the power
gain of the Doherty amplifer remains constant for low output
powers, where the amplifier is operated in the linear regime.
At an output power range from 5 dBm to 10 dBm, the power
gain slightly increases. Displayed in solid red, it gets clear that
the sole carrier amplifier compresses in that range of output
power. Due to that fact, the auxiliary amplifier, shown in solid
black, offers a power gain greater than 0 dB and modulates the
carrier’s load. Thereby the auxiliary amplifier increases the
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FIGURE 19. Measured large-signal performance of the manufactured
carrier, auxiliary, and Doherty amplifier. The solid curves represent the
measured power gain over the achieved output power and the
corresponding PAEs. Compared to the simulations shown in the dashed
lines, it gets clear that the measurement offers approximately 3 dB less
saturated output power than simulated. Thereby, the measured efficiencies
are lower than shown in the simulation in Section II-D.

linear region of operation for the Doherty amplifier. However,
when comparing the large signal results to the simulation, a
deviation in the output power of approximately 3 dB can be
observed. This deviation may be caused by a load impedance
that differs from the ideal 100 2. To verify this impact, the
input impedance of the used power meter has been measured
with a VNA. Furthermore, the characteristics of the probe and
1 mm cable, which connects the probe and the power meter,
have been measured with the VNA. This results in a measured
load impedance for the DUT of 57 4 j48 Q. Considering
this in the simulations, the discrepancy between simulation
and measurement reduces by 1 dB (dotted line in Fig. 19),
supporting the thesis that the measurement setup causes part
of the deviation between simulation and measurement. The
cause of the remaining 2 dB deviation cannot be determined
entirely. Although EM-simulations of the passive components
were taken into account, the realized structures may deviate
from the simulations. Especially as the impedance inverting
network is tremendiously important in this architecture it
is most likely that deviations in the network cause a large
part of the remaining deviation between simulation and mea-
surement. Furthermore the realized balun at the input might
introduce phase and amplitude imbalances that could impair
the differential operation and thereby lower the measured per-
formance. To prove these hypotheses, separate structures of
the passive components would be needed. As these were not
manufactured these hypotheses can not be proven. However,
as the deviation between simulation and measurement can
be observed for the Doherty and the sole carrier amplifier,
comparing the Doherty and the carrier amplifier still shows
that the Doherty amplifier offers superior performance.

D. MODULATION MEASUREMENTS
Besides the single-tone large-signal performance, the large-
signal behavior for modulated input signals is investigated

FIGURE 20. Block diagram of the AWG to measure the EVM caused by the
amplifier. The modulated input signal configured with the AWG is created
at an offset frequency of 1.5 GHz as the following SAX that is operated in
block-up-conversion mode has a drastically reduced conversion gain
below that offset frequency. Keysight's VSA software is used to evaluate
the signal, that is amplified by the DUT, to compute the EVM.

EVM = 1.8012 %rms
Mag Err = 489.65 m%rms

Phase Err = 1.6027 deg

1Q Offset =-57.803 dB  SNR (MER) = 30.734 dB
Quad Error = 100.3 mdeg Gain Imb = 0.022dB
Freq Error = -19.262 kHz
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FIGURE 21. Measured output spectrum of the proposed Doherty amplifier
fora IO%’“b 64-QAM modulated signal at a carrier frequency of 79 GHz
using the measuring setup depicted in Fig. 20. The resulting error vector
magnitude amounts to 1.50 %rms while achieving an average output
power of 11 dBm.

separately. Therefore, the setup to measure the EVM of the
amplifier for an amplification of a 64-QAM modulated sig-
nal is presented in Fig. 20. To generate a modulated signal
Smod at 79 GHz, the modulation is first created by Keysight’s
arbitrary waveform generator (AWG) M8190 A at an inter-
mediate frequency of fir = 1.5 GHz. sp0q feeds a spectrum
analyzer extender (SAX) by VDI that is operated in the block
up-conversion mode. Thereby spyoq 1S upconverted by a CW
local oscillator that also drives the SAX. To compensate for
the SAX’s conversion loss of approximately 28 dB and to be
able to sweep the input power, the waveguide amplifiers VDI
WRI0AMP and AT-PA-9098 are cascaded with a motorized
waveguide attenuator (MWA) and placed at the output port of
the SAX. Thus, the EVM can be measured for variable input
power to investigate the impact of the amplifier’s compression
characteristic on the EVM.

The corresponding EVM measurement results are shown in
Figs. 21 and 22. Fig. 21 shows the spectrum and the related
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TABLE 1. Comparison to State-of-the-Art Automotive SiGe PAs From 76 GHz to 81 GHz

This work This work [15] [16] [17] [23]
Technology 13Q nm 13Q nm 13Q nm 12Q nm 130 nm 9Q nm
SiGe SiGe SiGe SiGe SiGe SiGe
Architecture Doherty Cascode Amp. | 2-stage Cascode Amp. | 4-stage CE | Casc. + 2-stage CE | 3-stage CE
Supply Voltage(V) 33 33 25 1-25 17 +3 1.8
Frequency (GHz) 79 79 77 77 78 80
Power Gain (dB) 9.5 17.1 22.5 17 17.4 20
Pysat (dBm) 17.2 13.1 15 17.5 14.2 15.8%*
OP, g5 (dBm) 13.7 7.5 14* 14.5 11.9 11.2%
Peak PAE 11.6 54 7.5 12.8 8 10.7*
PAE @ OP; 48 (%) 8.4 3 5% - 3.9% -
PAE @ 6dB PBO (%) 6.1 1.8 2% - 2% -
Active Area (mm?) 0.576 0.12 0.042 0.6 1.2 0.6
* graphically estimated
j I i As measured in the single-tone large signal measurement,
2.4 | —®—Doherty EVM 1 the Doherty amplifier still operates linearly up to this output
- Carrier EVM ower. Thereby the Doherty amplifier could achieve an even
291 —+—Through EVM | p : y y p

—_
oo

1.67

Error Vector Magnitude (%)

._.
=~

L L L
—i L

5 6 7 8 9 10
Average Output Power (dBm)

FIGURE 22. Measured error vector magnitude in dependency of the
average output power, achieved by the Doherty and the carrier amplifier
for a 64-QAM input signal at a symbol rate of lo%’"". As the amplifier
operates linearly for the given output power range the EVM remains below
—17 dB for output powers greater than —5 dBm. For lower output powers,
the detected power level is insufficient to measure the EVM reliably.
However, the EVM of the carrier amplifier offers a higher EVM for high
output powers where the carrier amplifier is operated in saturation.

EVM of the amplifier’s output signal for a quadrature ampli-
tude modulation (QAM) with 64 symbols. The symbol rate
was set to 10M3™ ag it offered maximum average power at
the signal source’s output. The shown spectrum in Fig. 21,
was measured at the output of the Doherty amplifier. This
measurement verifies the measurement setup, as a modulated
bandwidth of 10 MHz can be observed. For this setup, the
EVM amounts to only 1.8% RMS at an average output power
Payg our = 11dBm.

The sweep over the average input power was performed for
three DUTSs. The first DUT was an on-chip through to evaluate
the amount of error caused by the measurement setup, con-
sisting of the input source and the connecting 1 mm cables,
and the contacting probes. Fig. 22 displays the EVM of the
on-chip through and offers an EVM of 1.4%. Furthermore,
the measured EVM of the proposed Doherty amplifier and
the reference carrier amplifier are shown. It can be seen that
the amplifier slightly increases the EVM to approximately
1.5%, while achieving an average output power of 11 dBm.

10

higher Pyyg out during the EVM measurement, but due to the
high losses in the measurement setup, the maximum average
input power that the signal source can deliver, limits Pyyg out
to 11 dBm. As already measured in the single tone large
signal scenario, the carrier amplifier is driven into saturation
at an output power of 11 dBm, which is also reflected in the
measured EVM, displayed in Fig. 22. Up to an average output
power Pyyg out Of approximately 10 dBm the carrier amplifier
offers a low EVM comparable to and even slightly lower
than the EVM of the Doherty amplifier. For higher Payg out.
the EVM strongly increases up to 2.5% while the EVM of
the Doherty amplifier remains constantly low at 1.5%. This
measurement proves that a conventional amplifier represented
by the state-of-the-art carrier amplifier can be embedded into a
Doherty amplifier to increase the maximum achievable output
power while shifting the gain compression towards higher out-
put powers. The higher modulation bandwidths utilized in the
application were not achievable with the available measure-
ment setup. However, the shown results highlight the desired
improvement due to the Doherty architecture, that is not ex-
pected to decrease dramatically with increasing modulation
bandwidth.

E. STATE OF THE ART

As shown in Sections III-C and III-D, the proposed Doherty
amplifier offers improved performance compared to the em-
bedded, sole carrier amplifier. Compared to the state of the
art, which i shown in Table 1, the measured carrier amplifier
reaches decent power gain. In contrast saturated output power
and power-added efficiency lag behind state-of-the-art ampli-
fiers. However, integrating our proposed carrier amplifier into
the Doherty architecture improves the overall performance
significantly. The saturated output power can be increased by
approximately 4 dB. Output referred 1 dB-Compression point
and peak PAE are also improved, making the proposed Do-
herty amplifier competitive to the state of the art. Regarding
the OFDM-relevant back-off operation, the Doherty amplifier
achieves a three times higher efficiency than the presented
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state-of-the-art amplifiers. This is partly due to the Doherty
amplifier still achieving 53 % of its peak PAE in 6 dB back-off
thanks to the combination of the carrier and auxiliary ampli-
fier.

IV. CONCLUSION

In this work, we presented a differential Doherty power am-
plifier in a SiGe BiCMOS technology for automotive radar
applications at 79 GHz. For automotive radar, digital, high
PAPR modulation schemes like OFDM are a promising tech-
nique to cope with inter-sensor interferences. Using a Doherty
amplifier allows for more efficient amplification of high PAPR
signals than conventional amplifier topologies.

We present the theoretical and simulative design process
and the corresponding challenges to design such an am-
plifier at frequencies as high as 79 GHz. In small- and
large-signal measurements, we have shown that the pro-
posed design methodology can be applied to conventional
automotive class-A power amplifiers. When embedded into
the Doherty architecture, the resulting performance increases
in terms of output power, linearity, and back-off efficiency.
Thereby automotive power amplifiers can be adapted to the
demands originating from OFDM automotive radar.
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