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Abstract — In this paper, the quasi-monolithic microwave
integrated circuit (MMIC) high power amplifier (HPA) with
silicon integrated passive device (IPD) matching network is
proposed. The proposed quasi-MMIC HPA consists of
commercial GaN ftransistor power cell and IPD matching
network using silicon substrate. The proposed quasi- MMIC HPA
can achieve similar output power and efficiency characteristics
compared with the conventional MMIC HPAs. Moreover, the
manufacturing cost can be reduced due to the silicon substrate
process. For experimental validation, the proposed quasi-MMIC
HPA was designed and fabricated at the 8.5 GHz for radar
application. The measurement results shows that the output
power and drain efficiency at saturation point are 48.5 dBm
(70.8W) and 45.5%, respectively, with pulse signal test (100 usec
pulse width and 10% duty.

Keywords — high resistivity silicon, integrated passive device
matching network, internally matched, power amplifier, quasi-
MMIC, radar.

I. INTRODUCTION

Power amplifier (PA) is an important circuit in RF wireless
communication and radar systems. Hspecially, high power
performance of PA is required in military radar systems to
increase the detection range. To achieve power requirement,
PAs are used in the radar system as shown in Fig.1 because of
limited output power capability of transistor. The number of
PA/LNA 1s decided according to number of array antennas and
the individual transmitting powers are combined and radiated
in array antenna. Also, size and product cost of individual PA
are important 1ssues because overall size and cost according to
number of array of PAs are increased. Therefore, PA block in
radar system should be considered high output power,
efficiency, size, and cost simultaneously.

Conventional GaAs monolithic microwave integrated
circuit (MMIC) is one of several solutions with high
integration  level, broadband output, and efficiency
performances. Moreover, the design freedom is high because
the lumped elements such as resistor, capacitor, and inductor
can be easily modeled and used Nevertheless, power
capability of GaAs MMIC is not enough for the radar system.
Therefore, GalN-on-3i1C MMIC technologies were developed
to increase output power in MMIC process [1]-[2]. They
consisted of transistor power cell realized with the GalN
material and the passive matching network (MN) with MMIC
technology on SiC substrate. As using GaN transistor and SiC
substrate, high output power and efficiency can be obtained at
microwave f{requency. And good heat dissipation
characteristics are also obtained. However, manufacturing cost
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Fig. 1. Block diagram of radar system

and difficulty of process are increased due to the GalN process
on SiC substrate.

Another approach is quasi-MMIC structures. The quasi-
MMIC structures consisted of the passive MNs realized with
high dielectric substrate printed circuit board (PCB) or GaAs
MMIC process and the commercial GaN transistor power cell
[3]-[6]. Each input/output passive MNs are connected with
GaN transistor by bonding wire. However, the manufacturing
cost 1s increased according to the compositions of PCB, the
specific matenial of substrate, and GaAs MMIC process. In
case of high dielectric PCB MNs, the design freedom is
reduced than conventional MMIC MNs because the lumped
elements cannot be implemented in the MIN. Moreover, the
precise implementation process is required to avoid
nput/output matching characteristics vanation due to the
fabrication errors of transmission line and bonding wire.

In this paper, the quasi-MMIC high power amplifier (HPA)
with silicon (Si) integrated passive device (IPD) MN is
presented. Compared with the conventional quasi-MMIC
HPAs, the proposed HPA provides lower manufacturing cost
due to the Si substrate. Moreover, the proposed HPA has high
integration level passive circuits and the design freedom
because the conventional standard Si IPD process techniques
can be used. For a validation, the design procedure and
experimental results of the quasi-MMIC HPA with SiIPD MN
are provided.
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Fig. 3. Signal transfer characteristics of feeding networks at each transistor
pad: (a) signal line circuit and (b) tapper bus structure.
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II. A DESIGN OF PROPOSED QUASI-MMIC HPA

This section provides a rough description of the Si IPD
process for realizing a passive networks and the actual HPA
design procedures. Because the passive circuit of proposed
quasi-MMIC HPA can utilize the conventional Si
semiconductor process technology, not only thin film R-L-C
devices but also silicon through via (TSV) can be used.

Fig. 2 shows the implementation example of grounded
series R-L-C circuit with high resistivity silicon (HRS)
substrate. At first the TSV is implemented on the HRS
substrate for the ground, and then the resistor is implemented
using NiCr and attached on Metal 1 for the connection with
signal line. Secondly, SiNx is used to fabricate a dielectric
layer for metal-insulator-matal capacitors, and Metal 2 is used
to fabricate capacitors and spiral inductors. Then, WPR covers
SiNx and Metal 2 areas except some part to connect with Metal
3. Thirdly, the pad for the bonding wire and the signal line to
connect the spiral inductor at Metal 2 are realized by top Metal
3. Finally, the WPR passivation is done whole circuit except
the pad for the bonding wire. Using this process, input and
output MNs can be minimized and implemented using lumped
elements and transmission lines on a HRS substrate

The proposed quasi-MMIC HPA was designed using a 70
W pulse mode GaN HEMT transistor (CGHV1J070D) of
Wolfspeed at 8.5 GHz (). The selected bias condition was Fop
=48 V, Vs = 226 V, and /pp = 330 mA. As load-pull
simulation, the optimum load impedance (Zo) 15 1.46 + j2.2 Q
with saturation output power of 49 dBm. The input matching
impedances of transistor at f; and 2f; are chosen 2 2 and 1 +
710 Q by source-pull simulation.

The used GaN TR has twelve pads at the gate and drain
ends, respectively. Therefore, the feeding circuit for connecting
each pad to the matching circuit affects circuit characteristics.
Fig. 3 shows the signal line circuit (SLC) and tapper bus
structure networks and the transfer characteristics from each
pad to the output. Whereas the SLC structure shows relatively
uniform ftransfer characteristics than the tapper bus structure,
the tapper structure shows several different transfer
characteristics according to pad locations. Especially, there is
serious difference between the paths through the pads at both
ends to the output and the paths through the center pads to the
output. Because the signals of individual pads in the SLC
structure are sequentially combined, the output powers at all
pads are well combined at the final output stage, so that high
output power and efficiency are achieved

Fig. 4 show the EM simulation result of the output MN
using SLC structure and bonding wire. The load impedance at
Jois 1.36 + 2.3 Q for the 7, point. Even though the harmonic
matching circuit is not implemented to reduce the ingertion loss
of the MN, it shows that the second harmonie (2fy) impedance
is matched at the short circuit point due to the shunt parasitic
capacitance of the MN with Si substrate. The input MN is also
implemented using the same structure.

Fig. 5 shows the measured gain and drain efficiency (DE)
of the proposed HPA according to the output power. The
measurement results show that the output power and DE are
48.5 dBm, and 45.5%, respectively, at the saturation point with
pulse signal (width = 100 usec and duty = 10%). Fig. 6 shows
the output power and DE according to the operating frequency.
Bandwidth of output power over 60 W 1s 330 MHz, where DE
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Fig. 5. Measured gain and drain efficiency of quasi-MMIC HPA with Si IPD
MN at 8.5 GHz.
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Fig. 8. State-of-art of the drain efficiency versus output power between X-
band HPAs

is more than 40%. Fig. 7 is a photograph of quasi-MMIC HPA
with Si IPD MN. GaN transistors were eutectic bonded using
Au and Si IPD was fixed using silver epoxy. The MN and GaN
TR were connected using a 2 mil gold wire whereas the input
and output ports were connected to an external circuit using a 1
mil gold wire. The input and output feeds were designed with
100 pm and 200 pm, respectively, to endure supply DC current
and high output RF power.

Fig. 6 shows the output power and DE according to the
operating frequency. Bandwidth of output power over 60 W is
330 MHz, where DE is more than 40%. Fig. 7 is a photograph
of quasi-MMIC HPA with Si IPD MN. GaN transistors were
eutectic bonded using Au and Si IPD was fixed using silver
epoxy. The MN and GaN TR were connected using a 2 mil
gold wire whereas the input and output ports were connected to
an external circuit using a 1 mil gold wire. The input and
output feeds were designed with 100 pm and 200 pm,
respectively, to endure supply DC current and high output RF
power.

III. COMPARISON WITH CONVENTIONAL HPAS

In this section, the state-of-art is presented to show that the
proposed circuit is suitable for comparison with other X-band
HPAs. Table 1 shows the characteristics of the conventional
HPA and the proposed quasi-MMIC HPA in the X-band. The
proposed circuit has similar or better characteristics compared
to the MMIC HPA using SiC substrate. Compared with
rescarches used quasi-MMIC structure, the efficiency is
slightly lower but the output power is higher. In the view of
size between same structures, the proposed HPA is small
relative to the output power. Fig. 8 shows state-of-art with DE
efficiency versus output power. It can be seen that the proposed
circuit 1s located together with conventional studies at the
lower right side. Therefore, the proposed quasi-MMIC HPA
has similar characteristics to those of the conventional studies
and has a great advantage in terms of manufacturing cost.



Table 1. Performance comparison with previous works.

Drain Pulse signal .
Freq. Output - - . Size
Ref. [GH3] power [W] effu':)lency Fabrication process width [u:ec] / duty [mn¥]
[%] [%o]
[1] 92 74.13 451" MMIC (SiC Substrate) 100/10 3.5x3.8
[2] 10 134 25.7* MMIC (SiC Substrate) 100/ 10 4.5x3
" Quasi-MMIC
[3] 10 31.5 63 (3 kinds PCBs: £=10, 90 and 38) Non /10 5.4%3.8
y i Quasi-MMIC
’ ’ inds s: £~38 an R
[4] X-band 60.3 51.57 (2 kinds PCB 38 and 10) 80/ 10 w
[3] 9.4 66 52.8" Quasi-MMIC (£=36) 100/ 10 9.6x8.6
;(l:;ls( 8.5 70.8 45.5 Quasi-MMIC (Si IPD) 100/10 8.39x5.18
" calculated value,
I'V. CONCLUSION REFERENCES

In this paper, the quasi-MMIC HPA with silicon (81)
integrated passive device (IPD) matching network (MN) 1s
described. Proposed HPA 1s used quasi-MMIC structure with
standard Si IPD MNs at mput/output both sides. For the
uniform power transmitting of each pad and effective
combination at the output, the signal line circuit feeding
structure was used. The fabricated quasi-MMIC HPA with Si
IPD MN has high output power and efficiency similar to those
of the conventional researches. Therefore, the proposed quasi-
MMIC HPA can reduce the manufacturing cost with high
output power and efficiency performances and it can be apply
to the array radar systems.
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