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Abstract: This paper presents a transmitter-type TMIC integrated with a rectangular microstrip patch antenna and
a power amplifier. The TMIC was fabricated with GaN HEMT technology for high power density and efficient in-
tegration. The on-chip antenna was designed as a power radiator and a frequency-dependent output load tuner of
the power amplifier. Load-pull technique was used to realize a good impedance match between the amplifier and
the antenna. Over a bandwidth of 100~110 GHz, the power amplifier can deliver an average output of 25. 2 dBm
with a power-added efficiency (PAE) of 5. 83%. Good radiation characteristics of the TMIC have been achieved,
showing a 10-dB bandwidth of 1.5 GHz and an estimated equivalent isotropic radiated power (EIRP) of 25.5
dBm at 109 GHz.
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Introduction

Terahertz power radiation plays an important role in
the fields of phased-array radar and wireless communica-

/. Most system applications require much

tion systems
more power than which is available or expected from a
single device.

One way to achieve higher output power is based on

planar power combining of discrete devices. In this ap-
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proach, multi-stage amplification circuit cascading in
parallel is the most common way to increase the output
power >, With the increasing scale of cascade structures
in this aggregation method, the insertion loss associated
with increased cascade levels is rising at a very high
rate, and the combining efficiency becomes unaccept-
able. The spatial power combining method, on the con-
trary, is expected to realize higher output power through
electromagnetic wave superposition of free space propaga-
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tion modes. High efficiency integration of large scale ar-
rays can be achieved through quasi-optical technology *'.

In order to raise spatial power combining efficiency,
it is necessary to reduce the transmission loss of each sin-
gle device. To overcome this disadvantage, active inte-
grated antenna (ATA) concept shown in Fig. 1 was pro-
posed “7'. The AIA is defined as active circuits associat-
ed with antennas or antennas integrated with active com-
ponents, which provides good radiation efficiency and
compact size. The general AIA is composed of the power
amplifier, output matching network of the power amplifi-
er, even/odd harmonic tuning circuit of the power ampli-
fier, antenna matching network and the antenna. Using a
conventional active-antenna design, Qin et al. " report-
ed a high-efficiency active antenna with a class-E power
amplifier. A power amplifier with an 82. 1% PAE and a
22.08-dBm output power was fabricated . However,
additional output matching network of the power amplifi-
er is always needed for impedance matching with an an-
tenna, which causes the increase of size and insertion
loss and the decrease of PAE for the AIA system. The
PAE was reduced to about 60% by integrating it with an
antenna. Therefore, a study on the direct impedance
matching between the power amplifier and antenna is re-
quired. Figure 2 shows the active integrated antenna con-
figuration proposed in this paper. This configuration con-
sists of a power amplifier, matching networks and an an-
tenna. It is a simpler structure than conventional active
antenna.

RN
i Output Even/odd Antenna

[npuiatchingg Amplifier; Matcglin Harmonic Matching tenna
] |Network of PA Network of PA| |Tuning Circuif] Network

Fig. 1 Conventional active integrated antenna configuration”’
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Fig.2 Proposed active integrated antenna configuration
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ATA systems using GaAs and SiGe MMIC technolo-
gy are proposed in Refs. 10-12. However, poor power
performances of GaAs and SiGe materials at high frequen-
cy limit their applications. Compared to SiC device, the
heterogeneous structure significantly improves the elec-
tron mobility in the GaN material and brings a better
high-frequency performance. By introducing GaN-on-SiC
technology, GaN HEMT is exhibiting high power density
coupled with good thermal conductivity, which has
opened up the possibilities for highly efficient power am-
plifier integrating with on-chip antenna designs.

High-power AIA systems also require appropriate in-
tegration with a heat-cooling system. Large-signal charac-
teristics, such as output power, PAE, and gain of the in-
tegrated amplifier are reduced by thermal effects. For in-
stance, Wang et al. reported a PAE reduction of up to

17% between temperature of -55°C, 25°C, and 175%C in
a large signal modeling of a GaN HEMT"". Hence, it is
necessary for a cooling system to adopt the material with
good heat dissipation performance.

In this paper, the GaN TMIC technology was pro-
posed to design a high-power transmitter front-end using
the direct integration of the amplifier and the antenna. A
load-pull technique was utilized to accurately evaluate
impedances of the amplifier and design an impedance
matching network between the amplifier and the anten-
na. A rectangular microstrip patch antenna was connect-
ed with the amplifier directly, allowing it to serve as a
power radiator and a load tuner, thus minimizing circuit
size and insertion loss.

1 Design

1.1 Analysis of Power Amplifier

Over the past years, GaN HEMT high-efficiency
power-amplifiers have been investigated and realized via
ways and means from optimizing the nonlinear active de-
1197 In order to realize high power radiation, the
effective impedance matching between the amplifier and
the antenna is essential.
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Fig. 3 Simplified topology of the terahertz-band GaN HEMT

power amplifier
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Figure 3 shows the schematic of the terahertz band
GaN HEMT power amplifier. This class-AB amplifier
was designed and optimized using a Keysight Advanced
Design System (ADS) Simulator. A four-stage schematic
is designed to improve gain by optimizing gate width ratio
among stages. Single-finger, two-finger and four-finger
HEMT devices are used for the first two stages, the third
stage and the final stage, separately. Each stage was de-
signed to have a separate gate and drain bias pad. RF
shorts employed quarter-wave shunt stubs to provide bias
to the transistors. Shunt RC networks and radial stubs
are included in the bias circuitry to maintain amplifier
stability. Additionally, the ground coplanar waveguide
(GCPW) structure is used in the input port to make the
test easy and convenient. All the passive elements were
separately modeled using the ADS Momentum electro-
magnetic (EM) simulation tool.

The TMIC was probed “on wafer” using two probe
stations. A signal generator (Keysight 8257D) was used
to generate signal centered at 18. 3 GHz. The generated
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signal was fed to the frequency extender (VDI
E8257DV10) which multiplied the input signal from
18.3 GHz to 110 GHz. The simulated and measured

small-signal S-parameters are shown in Fig. 4.
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Fig.4 Small signal S parameter of GaN HEMT power amplifier
(a) Small-signal parameter of S,,, and (b) small-signal parameter
of S,
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At 110 GHz, the output power (P,,) and PAE are
measured and calculated as large-signal characteristics.
The simulated and measured results are shown in Figs. 5-
6. According to this measurement, the amplifier is oper-
ated with an +18 V drain voltage and a -2. 5 V gate volt-
age. The measured results agree with the simulated val-
ues. The measured average output power is 25.2 dBm
(330 mW) at an input of 19 dBm (80 mW). The aver-
age PAE is 5. 83%. Under these conditions, an average
power gain of 6. 2 dB is confirmed.

1.2 Analysis of on—chip antenna

In this paper, a rectangular-microstrip-patch-anten-
na (RMPA) stands out among many different antenna
types for three main reasons. Firstly, its good consisten-
cy helps to design and fabricate. Secondly, it is much
easier to cascade with the amplifier. Thirdly, its radia-
tion direction is along the positive z-axis with low side
lobe. The interior structure of RMPA is plotted in Fig.
7. Due to the presence of high dielectric constant medi-
um (GaN & 8.9, SiC &, 9.6), the size of the antenna
will be miniaturization. Typically, RMPA composes of a
microstrip-line and a rectangular patch which are opti-
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Fig. 6 Large-signal parameter PAE
Bl KIGSSHEHRM s

mized separately. Guided waves are confined to the mi-
crostrip-line which is used as a feed source. Then rectan-
gular patch transmits guided waves from microstrip-line
into free-space. A well-matched microstrip-line guides
waves with little radiation leakage and the rectangular
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patch optimizes radiation.
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Fig.7 Interior structure of RMPA (a)side view, and (b)top view
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Table 1 RMPA parameters for impedance matching con-
dition

R1 ERBEMRXEBEHRLREHRTSH

Antenna Optimum value Antenna Optimum value
parameter /pm parameter /pm

L 415 b 188.5

w 500 ¢ 117.85

a 3.8 d 221.5
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The width W of the patch, marked in Fig. 7, con-
trols the input impedance. For a patch antenna fed in the
manner above, the real part of input impedance will be
on the order of 130 Q (Fig. 8(a)). By increasing the
width, the impedance can be reduced. However, to mod-
ulate the impedance meeting with the amplifier’s require-
ment, it often requires a very wide patch antenna, which
takes up a lot of valuable area. A capacitive single stub
is added on microstrip-line to help adjusting impedance.
The specific position is calculated and designed to be
away from the patch structure. This open circuit line de-
creases coupled effect comparing to the inductive stub.
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Fig.8 Optimum result of patch width W (a)real part of port im-
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Fig. 9 Small signal S, parameter of RMPA
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Some noteworthy observations are apparent from
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Fig. 10 Radiation pattern of RMPA
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Fig. 9. Firstly, the relatively narrow frequency band-
width can be explained by the resonant characteristic of
the RMPA, which ideally radiates at single designed res-
onant frequency. Secondly, the antenna is designed to
operate at 110 GHz on SiC substrate, and it is resonant
at approximately 109 GHz when GaN material is added.
This shift is due to fringing fields around the antenna and
the composite dielectric material, which makes the patch
seem longer. Hence, when designing a patch antenna it
is typically trimmed by 2%~4 % to achieve resonance at
the desired frequency.

Radiation pattern is the key factor that define the
performance of an antenna. The RMPA gain is approxi-
mately 4. 2 dBi. Single main lobe and low side lobe can
be seen when viewing radiation pattern of the antenna in
Fig. 10. High gain can be obtained when single-antenna
cells are combined into antenna array.

1.3 Analysis of integration between the amplifier
and the antenna

In the inchoate design concept, where an antenna
and an amplifier are connected by a discrete transmission
line, the loss associated with the hybrid design limits the
practical efficiency of the device. With the expectation of
improving radiation power, the antenna is directly at-
tached to the amplifier, allowing the antenna to serve as
a radiating element and a tuned load, thus minimizing
circuit size and insertion loss.

Since the output matching is critical in determining
the output power and efficiency, the circuit design was
carefully done. In this study, the measured Z,, is direct-
ly transformed to the Z,, for optimum efficiency at the
fundamental frequency, bypassing the conventional inter-
mediate 50 )-line stage. No additional output matching
network is needed to tune higher order harmonics due to
the intrinsic harmonic termination characteristics of the
antenna. Thus, the signal power at the fundamental fre-
quency is radiated through the antenna while signal pow-
er at higher order harmonics is not due to the reactive ter-
mination.

The design steps " are described as follows.

Step one, setup simulation models for the amplifier
and the antenna in ADS and HFSS, separately. Port pa-
rameters will be obtained.

Step two, extract reflection coefficient T’
antenna model and calculate its impedance Z
using de-embedding method.

' from the

(Fig. 11)

ant
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Step three, based on optimized stabilization and
gain figures of the amplifier, source reflection coefficient
I is selected and output reflection coefficient I, is deter-
mined by S parameters in Eq. 1. The output port imped-
ance of the amplifier 7 is calculated and shown in

Fig. 12.

out
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Step four, port impedances of output matching networks
are then designed and calculated according to the opti-
mized Z,, and the antenna impedance Z,, (complex im-
pedance) , respectively.

Step five, the integrated antenna reflection coefficient I';
can be calculated from Z and Z'| according to Eq. (2)
where Z', is the complex conjugate Qf Z,.

ant

Z VA
. - out L . (2)
Znut + ZL
Step six, add the antenna as a single-port device defined
by an s1p file which gives the opportunity to simulate the
integrated system. Radiation characteristics of the AIA
will be simulated via field-circuit co-design in ADS,
which enables us to run both microwave circuit and elec-
tromagnetic field simulators together.
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Fig. 11 Port impedance of the antenna
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Fig. 12 Output impedance of the amplifier
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The output impedance of the power amplifier was
simulated and found to be Z,, =30~9j Q) while the port
impedance of the antenna was simulated and found to be
Z,=123~205] Q. For optimum impedance matching,
the output matching network should have an impedance
transformation at the desired matching based on a load-

pull power-amplifier design model.

According to the description above, the RMPA and
the amplifier have been designed respectively and then
combined together for the TMIC. The antenna is attached
to the output matching network , which is performed as an
impedance matching structure.

2 Assembly and measurement

GaN HEMT power amplifier has high working volt-
age and working current due to its native characteristics,
which will produce large power dissipation. Therefore,
the material and structures with good electrical and ther-
mal conductivity are considered and adopted in the pro-
cess of chip assembly to ensure the heat dissipation.

Firstly, the TMIC is assembled on a gold-plated mo-
lybdenum copper carrier with 0. 1 mm thickness by using
eutectic AuSn solder alloy sintering process. As a com-
mon chip-assembling material, the AuSn solder alloy can
meet the fast heat dissipation while ensuring the good
grounding performance of the chip.

Secondly, the conductive-resin bonding process is
used to assemble the molybdenum copper carrier on the
copper heatsink. The copper heatsink efficiently dissi-
pates heat generated from the GaN HEMT so that accu-
rate power performance measurements can be made. A
pure silver filled, electrically and thermally conductive
epoxy paste adhesive (NSP-801) is adopted. It exhibits
outstanding flexibility for bonding materials with highly
mismatched coefficient of thermal expansions (i. e. , alu-
mina to aluminum, silicon to copper). The characteristic
parameter is shown in Table 2.

Table 2 NSP-801 properties
&2 NSP-801 4tk

Parameters Value Parameters Value

Volume Resistivity 11 puQ-em Hardness 24. 11HV
Stear Strength 240 Mpa Viscosity 140~200 Pa-S
Thermal Conductivity =150 W/m-K CTE 8.6x107° C

Finally, using chemical plating process, we cover a
thin layer of gold on the molybdenum copper carrier and
the copper heatsink to prevent surface oxidation. There-
fore, heat transfer efficiency is improved. Because the
thermal expansion coefficient of SiC and copper varies
greatly, the molybdenum copper carrier provides an ef-
fective thermal expansion buffer for two kinds of materi-
als.

For the convenience of testing, fin-line transition is
introduced to transform signals from rectangular wave-
guide to microstrip-line on the test module. Due to the
discontinuity between free space and transmission line, a
mismatch occurs when free-space waves are transformed
into guided waves. A rectangle slot is added at the fron-
tend of the structure to match the input impedance. A cir-
cular tuning stub is added besides the microstrip-line to
extend working bandwidth. The optimized transformation
loss is below -1 dB in full working-band. The designed
structure is shown in Figs. 13(a-b). The simulation re-
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sult is shown in the Fig. 13(c).
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Fig. 13 Proposed fin-line structure (a) top view, (b) bottom
view, and (c) simulated results of S parameter
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A photograph of the fabricated GaN HEMT power
amplifier integrated with the rectangular microstrip patch
antenna is shown in Fig. 14.

Fig. 14 Assembled structure of TMIC
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Since the circuit is terminated with a radiator rather
than a 50 Q load, the measurement of this circuit is
much more complicated when compared to a standard ac-
tive circuit. To correctly evaluate the radiation perfor-
mance of the TMIC, it is essential to calibrate the mea-
surement setup systematically. The Friis transmission
Eq. 3 is employed "™, the measurements in an anechoic
chamber have been done in the following order **.
First, to deem the antenna gain and mismatch loss, mea-
surement of the passive antenna as a reference is done in
the broadside direction. The passive antenna is then re-
placed by the power amplifier integrated with the same
type of antenna and the measurement is repeated in the
same direction. While compensating for the measured
mismatch loss and the antenna gain from the measure-
ment data of the passive antenna, all output performance
of the power amplifier is correctly obtained. Note that,
for all of these measurements, the cable loss and receiv-
ing antenna gain are accounted for as follows :

P, = (1 -|r., ‘2)(; 41:;‘;‘;2 (1 -Ir.. 2)%%. (3)

is the power received by the spec-

In Eq. 3, P

spec

trum analyzer (AV4051H) and represents the available
power from the output of the AIA. T, and T, are reflec-
tion coefficients of transmitting and receiving antennas to
quantify the mismatch losses, respectively. By consider-
ing both P, =~ and the transmitting reflection coefficient,
the delivered power to the antenna can be obtained as the

output power of the GaN HEMT. In addition, G,, and G,,
are the transmitting and receiving antenna gain. A’ /4wR’
represents free-space loss.

The radiation pattern of the TMIC was measured by
using antenna far-field pattern test system. According to
Figs. 15(a-b), a low frequency signal was first generated
in the signal source and multiplied into 110 GHz by a
terahertz-band frequency multiplier. Then, the high fre-
quency signal was amplified and radiated by TMIC mod-
ule which deployed at the center of the test system. A
terahertz-band receiving horn antenna was set on a slid-
ing rail attached to a rotating table. The distance satis-
fied the far-field condition. Spatial signal was received
by a horn antenna and then down-converted to a low fre-
quency by a downconverter of the spectrum analyzer. E-
plane far-field pattern (Fig. 15 (c¢) ) was obtained by
scanning around the TMIC module. Based on simulated
55% antenna efficiency, 25.5 dBm equivalent isotropic
radiated power (EIRP) was estimated at 109 GHz. The
rotating table driven by the stepping motor ensured the
scanning accuracy.

3 Conclusion

The TMIC designed in this paper has the character-
istics of high integration and effective output, which can
realize power transmission and radiation at the same
time. A TMIC module is assembled and measured in a
terahertz-band far-field pattern test system. Measured
far-field pattern equals with the simulated result of the
patch antenna. Good agreement indicates positive devel-
opment prospect and research value in realizing active an-
tenna array and be applied to spatial power combining ap-
plication.
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