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Abstract

In this paper, we present a CPW-based 77 GHz 3-stage power amplifier MMIC for automotive radar systems. The
power amplifier MMIC has been realized using a 130 nm IngssGaP/Ing4+AlAs/Ing4sGaAs metamorphic high-electron
mobility transistorscmHEMTSs) technology and an output stage with a cascode configuration. This produced a good
output power and gain performance at 77 GHz. The fabricated power amplifier MMIC exhibited a small-signal gain
of 18 dB, an output power of 17 dBm and 9 % power added efficiency(PAE) at 77 GHz with a total gate width
of 800 £ m in the output stage. These performances could be useful to low-cost and small-sized components for 77

GHz automotive radar systems.
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[ . Introduction

Power amplifier MMICs are key components in W-
band applications like phased array or synthetic aperture
radar, wideband communication systems and automotive
sensors. Recently, the 77 GHz automotive radars has
become popular, as reflected in the literatures'! ). In a
typical automotive radar application, the transmitting po-
wer from the transceiver is 10 dBm at the antenna port.
The main problems that we have to consider are the LO
power path to the FMCW radar-type mixer, switch loss,
lens loss for beam steering, and so forth. Therefore, the
required output power of the power amplifier is usually
16 to 19 dBm. Due to the high combining losses!®™ ¥,
it is desirable to obtain high output power from a single
chip. Recently, studies of power amplifier MMICs with
transistors in a common source configuration on GaAs,
InP and metamorphic HEMT technologies have been
reported to have excellent results at W-band frequencies.
An mHEMT a has higher gain and lower phase noise
characteristics than an pHEMT. Moreover, compared to
InP substrates, mHEMT technology on a GaAs substrate
is cost effective, taking advantage of the high crystal
quality, greater mechanical strength and the large size of
GaAs wafers of up to 6 inches.

In this paper, we report on the development of a
CPW-based 77 GHz 3-stage power amplifier MMIC
with cascode structure that has been successfully fabri-
cated by using 130 nm IngssGaP/IngsAlAs/Ing4sGaAs m-
HEMTs technology.
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Compared to conventional HEMTs in a common sour-
ce configuration, the cascode structure requires appro-
ximately the same chip area, while offering twice the
gain even with large gate width, which is essential for
high-output power. The coplanar waveguide technology
utilized is very attractive at millimeter-wave frequen-
cies, due to its simplified fabrication without backside
processing, the high isolation between adjacent lines
and its superior performance in flip-chip packaging than
microstrip based MMIC.

II . Device Fabrication and Performance

The CPW based 77 GHz power amplifier circuit was
fabricated using a InAlAs/InGaAs material system with
Ing 3sGaP/Ing 4AlAs/Ing4GaAs composite-channel HEMTs
grown by MBE on a 625 pm-thick GaAs substrate.
The metamorphic buffer consisted of a 1 um thick li-
nearly graded InAlAs layer with a final indium con-
tent of 50 %. To reduce the surface trap effects, we
adopted InggsGaP with low surface defect density, which
also functioned as an etch stop layer[9]. This structure
achieved a sheet carrier density of 3.27%x10"” cm ° and
an electron mobility of 7,490 em’/V-s at 300 K. The
130 nm T-gates were defined by e-beam lithography
using a trilayer structure with ZEP/PMGI/ ZEP resist.
A ultrasonic-assisted technique was used in a narrow
recess, so that high uniformity and yield of devices
could be achieved'™"!. And then, devices were passi-
vated by using a Si;Ny of 600 A(Fig. 1). For passive
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Fig. 1. SEM image of 130 nm T-gate with the passivation.

devices, we used a NiCr of 610 A as thin-film
resistor with 20Q/[] and used a SisNs of 900 A as
a MIM capacitor with 0.8 nF/mm’. Finally, 0.5 #m
and 2 pm-thick Au were deposited as the first and
second metallization layers, respectively.

The average extrinsic transit frequency of f7=220
GHz and a maximum oscillation frequency of fuu—=
360 GHz were achieved for a 250 gm common
source device at a drain voltage Vps of 1.4 V and a
gate voltage Vgs of 0 V. The mHEMT exhibits a
maximum extrinsic g, of 750 mS/mm. The gate-drain
breakdown voltage was over 4 V and the forward
turn-on voltage was 0.9 V, measured at a gate cu-
rrent density of 1 mA/mm.

II. Design and Measurement

A 77 GHz cascode-connected PA with 130 nm m-
HEMT technology has been successfully fabricated.
The small signal equivalent circuit of the cascode cell
consists of a common-source transistor(850 xm) and
a pair of transistors(2,450 xm) in a common gate
configuration, as illustrated in Fig. 2(a). In order to
achieve higher output power than that of the common
source structure, a cascode cell was used in the po-
wer stage. This cascode configuration gives rise to
almost twice ther output power of conventional HE-
MTs in a common source configuration because of
increased output voltage swing Fig. 2(b). However,
the cascode cell inherently has a positive feedback ca-
pacitance, Cps of the common-source transistor. This
makes it more prone to instability and thus more di-
fficult to use in an amplifier circuit than a common-
source HEMT"?. Therefore, it is so important to sacri-
fice the some gain to achieve further circuit stability[m.
In order to stabilize the cascode cell, we used a re-
sistor in the gate bias line of a common gate. This
resistor of the cascode cell was optimized to maxi-
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Fig. 2. (a) Schematic of cascode cell, (b) Comparison of
common-source mHEMT and cascode cell mHEMT.

mize the output power in a stable condition.

In this work, to predict the nonlinear behavior of
the HEMT at millimeter-wave frequencies, the nonli-
near mHEMT model was implemented in ADS using
a symbolically defined device!".

A chip photograph of the 77 GHz power amplifier
is shown in Fig. 3. The size of the PA MMIC is 2.57
x1.4 mm. The amplifier consists of 3 gain stages, of
which the output stage is designed for maximum out-
put power by using cascode structure and the other
stages are designed for maximum gain. The coupled
line has been employed to guarantee low-frequency
stability and to minimize the variation of circuit per-
formance caused by fabrication. The gate widths in
the first stage and second stage are 250 pm and 450
#m, respectively. The bias condition in the first and
second stage is Vgs of 0 V and a Vps of 2.1 V. The
output stage's total gate periphery is 800 mm and the
total gate width of the mHEMT in the PA MMIC is
as long as 1.1 mm.

A linear gain of approximately 18 dB was obtained
at 77 GHz by applying a Vp of 4.1 V, a common
source FET's gate voltage of 0 V and a common
gate FET's gate voltage of 2 V in the cascode cell

Fig. 3. Chip photograph of the fabricated CPW-based 77
GHz power amplifier with 3-stage. Chip size is
2.57%1.4 mm.
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Fig. 4. On-wafer measured small-signal parameters of cas-
code-connected power amplifier with 3-stage.
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Fig. 5. Measured power performance of 77 GHz cascode-

connected power amplifier with 3-stage.

Fig. 4. The drain current for the output stage wasl13
mA and the total drain current was 193 mA. Both
input return loss(S11) and output return loss(S») were
better than 17 dB at 77 GHz. In particular, input re-
turn loss(Sy;) of over 10 dB from 75 to 81 GHz was
achieved. The on-wafer measured output power(P,,) and

Table 1. Comparison of previously

power added efficiency(PAE) of the CPW-based 77
GHz power amplifier is shown in Fig. 5.

With a drain voltage of only 4.1 V, we achieved a
saturated output power of 17 dBm, and a maximum
PAE of 9 % at 77 GHz.

Table 1 shows a comparison of published results on
state-of-the-art 77 GHz power amplifier MMICs. These
power amplifier results demonstrated the highest satu-
rated output power among the all reported 77 GHz
power amplifier MMICs using GaAs mHEMT techno-
logy and the all reported 77 GHz power amplifier MM-
ICs using coplanar waveguide(CPW) technology with-
out the external thermal dissipation. The power-stage
die size of this amplifier is especially small except for
the dimension of the combining lines, because only one
cascode cell was applied in this fabricated 77 GHz
high-power amplifier for increasing the output voltage
swing.

IV. Conclusion

This paper describes the successful development of
a CPW-based 77 GHz power amplifier MMIC with a
cascode structure. It used a 130 nm InossGaP/Ing4AlAs/
I,04GaAs mHEMTs. This was grown by MBE on a
650 mm-thick GaAs substrate for in a 77 GHz auto-
motive radar system. The devices showed an extrinsic
trans-conductance g, of 750 mS/mm and an off-state
gate-drain breakdown voltage of 8 V. A cut-off
frequency(fr) of 220 GHz and a maximum oscillation
frequency(f.) of 360 GHz were achieved. The fabri-
cated power amplifier MMIC with a cascode configu-
ration demonstrated a small-signal gain of 18 dB, a
maximum output power of 17 dBm and 9 % power
added efficiency. This power amplifier MMIC is highly
suitable for 77 GHz automotive radar applications that
require beam steering, longer range and higher range
resolution.

published 77 GHz power amplifier with this work.

Transmission Max. output PAE Chip size Power §tage
. Technology N die size Ref.
line power(dBm) (%) (mmxmm) 2
(mm’)
M/S 0.1 um pHEMT 23 9 2.3x1.6 >0.19 [15]
M/S 0.1 um pHEMT 21.5 10 3x2 >023 [16]
M/S 0.2 um pHEMT 16 N/A 2.9x1.2 0.16 [17]
M/S 0.15 um mHEMT 15.5 N/A 2x2 Single transistor [18]
CPW 0.12 um mHEMT 12.3 N/A 2.5x1 Single transistor [19]
CPW 0.13 um mHEMT 17 9 2.57%x1.4 0.035 This work
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