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Asymmetric Capacitor-Loaded Marchand
Balun-Based Four-Stacked Power Amplifier Utilized

C-Band Stimulus Source in SOI CMOS
Seongwoog Oh , Member, IEEE, and Jungsuek Oh , Senior Member, IEEE

Abstract— This letter presents a novel stimulation source
with a four-stack power amplifier (PA) based on an asym-
metric capacitor-loaded Marchand balun. The stimulus source
comprises a cross-coupled voltage-controlled oscillator (VCO),
common-source buffer, and two-stage four-stacked PA. The target
power level of the PA was specified by performing an analysis
assuming a realistic far-field stimulation environment. Loading
two capacitors with different capacitances onto the OFF-chip
Marchand balun eliminates the imbalance between the two
balun nodes. Improvements in magnitude and phase balance
show an enhanced performance and are also robust against
fabrication errors. A stimulus source was designed and fabricated
at 6.5 GHz using 0.28-µm silicon on insulator complementary
metal–oxide–semiconductor (CMOS) process for validation. The
measured maximum output power and peak drain efficiency (DE)
were 33.4 dBm and 28.3%, respectively. The proposed stimulus
source is the first-of-a-kind system with a watt-level output for
behavioral experiments in the C-band.

Index Terms— High-power power amplifier (PA), microwave,
monolithic microwave integrated circuit, stimulation.

I. INTRODUCTION

MICROWAVE frequencies, which are widely used for
communication and sensing, are now expanding into

bioapplications. Several recent studies simulated various
biological tissues using modulated microwave signals [1], [2],
[3], [4]. The existing stimulation techniques mainly assume an
environment in which a structure, such as a probe, is directly in
contact with a bio-tissue. The direct method has an advantage
in terms of efficiency but experiences critical issues of heat
transfer from the stimulus source and heavy RF cable weight.
These limitations make it challenging to test the effect of
microwave stimulation only in animal experiments; therefore,
the need for a far-field stimulation method is emerging.

Among the voltage-controlled oscillator (VCO), buffer, and
power amplifier (PA) constituting the stimulus source, it is
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Fig. 1. Block diagram of the proposed stimulus source with a conceptual
schematic.

necessary to maximize the PA output power to support far-
field stimulation. Therefore, several topologies have been
proposed for achieving high output while maintaining the
high efficiency of complementary metal–oxide–semiconductor
(CMOS) PA [5], [6].

In the mentioned studies [7], [8], optimizations of load
impedance based on common sources were carried out, yet due
to the low quality factor of the ON-chip transformer/inductor
combined with a low supply voltage, the output power was
limited around 20 dBm. While [9], [10] have introduced
cascode-based PAs, the realization of watt-level output power
is still a significant hurdle. Previous research on four-stacked
PAs, which focused on achieving high output power, was
directed toward the communication frequency band [11], [12],
[13], and reports in the C-band are scarce. Moreover, most
research into PAs that achieve output power above 2 W has
been done with GaN processes, which require high cost and
exhibit low integration [14], [15]. We introduce the design
and fabrication of a four-stacked PA that incorporates an
asymmetric capacitor-loaded Marchand balun for a 6.5-GHz
stimulus source.

II. SYSTEM DESIGN

A. Study of RF Stimulus Source

As shown in Fig. 1, the proposed stimulus source consists
of a VCO coupled with a modulator, a buffer with a
variable resistor as a load, and two-stage four-stacked PA.
The conceptual schematic of each component is shown briefly,
except for the VCO and Marchand balun, which are simplified
to a single-ended form; however, in the implementation all
the components use a differential-type topology. The VCO
and the buffer were directly connected. The buffer and first
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Fig. 2. Behavioral experimental scenario with a far-field stimulus consisting
of a stimulus source and TX/RX antenna.

TABLE I
STIMULUS ENVIRONMENT/COMPONENT PARAMETERS

stage of the PA, which is the driver amplifier, are matched
using a transformer. The inter-stage matching network (IMN)
of the two-stage PA comprises a high-pass filter-type matching
network. Finally, a Marchand balun is used for output
matching and transforms the differential output of the main
amplifier into the single-ended signal required for antenna
connection.

As shown in Fig. 2, for the experimental behavioral
scenario, the power received by the target changes with the
distance between the fixed transmit (TX) antenna and the
moving receive (RX) antenna. Therefore, the source integrated
circuit must adjust the output power, Pt , with constraints based
on the Friis transmission formula

Pt + GRX(θ) + GTX(θ) + 20 log
(

λ

4πlmax

)
< Pr < Pt + GRX0 + GTX0 + 20 log

(
λ

4πlmin

)
(1)

where λ is the wavelength corresponding to the carrier
frequency, Pr is the power received by the test subject, and
GRX and GTX are the gains of the RX and TX antennas,
respectively, according to the angle θ . For a cage diameter
Dcage, lmin and lmax represent the minimum and maximum
distances between the TX and RX antenna, respectively.
Practically, to minimize the effect of weight on the subject,
an antenna configuration that can achieve a weight of 4 g or
less is required [16]; therefore, the RX antenna uses a simple
structure, such as a patch antenna.

To derive Pt and the power control range, 1Pt , of the
stimulus source, a hypothetical system configuration was
created [17], [18], [19], as shown in Table I. The RX antenna
uses a single patch to minimize the weight, and the TX uses a
patch array structure to improve the gain. Because increasing
the antenna gain to mitigate the maximum Pt reduces the
half-power beamwidth, the TX antenna is compromised to
a 2 × 2 patch array. Considering the far-field distance by the
frequency-dependent antenna and the diameter of the cage in
which the subject moves, lmin and lmax are 43.4 and 52.8 cm,
respectively, with θ = 34.7◦. Based on previous studies [4],

Fig. 3. Schematic of the (a) driver and (b) main amplifier with inter-stage/
Marchand balun-based matching networks.

Fig. 4. (a) Couplings in asymmetric capacitor-loaded Marchand balun.
(b) Magnitude/phase balance between input nodes with respect to frequency.

[20], [21], the required Pr of 9 dBm is established, and the
values obtained above are reflected in (1); the maximum Pt

and 1Pt are 32.2 dBm and 3 dB, respectively. Therefore,
the buffer is designed to control the output power of 3 dB
to compensate for the subject location change and enable
constant power delivery and the oscillator must be capable
of generating C-band signal covering 6.5 GHz. Based on the
analysis, considering the constraints and practical conditions,
the PA technique for high power is required to meet the watt-
level output power.

B. Design of Four-Stacked PA

A high supply voltage must be used through stacking
transistors to obtain more than 32.2 dBm of power with the
CMOS process. In this study, a drain voltage of 8 V was
carefully chosen, and four transistors were stacked considering
the individual transistor shows 2.75-V drain/gate breakdown
voltage. The gate voltages of the four-stacked cell transistors
are 0.8, 2.8, 4.8, and 6.8 V from the bottom, respectively.
Because there are no back-via holes in the CMOS process,
both the driver and main amplifier comprising the PA are used
in a differential structure to suppress the degeneration effect
caused by the parasitic inductor due to wedge bonding. Fig. 3
shows the four-stacked transistor cell of the driver and the main
amplifier with IMNs. The first IMN comprises an integrated
transformer such that the output of the buffer and the input of
the driver amplifier are matched while biasing the gate. The
second IMN achieves matching and bias isolation between
the drain and gate through a series inductor and capacitor,
respectively.

Fig. 4(a) shows a schematic of the proposed asymmetric
capacitor-loaded Marchand balun. For practical Marchand
balun implementation, there must be a physical distance
between the two couplers which causes impedance imbalance
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Fig. 5. Magnitude and phase balance comparison with coupler. (a) Distance.
(b) Width variation for asymmetric capacitor-loaded and conventional
Marchand balun (coupler width = 0.7 mm, distance = 2 mm).

Fig. 6. Photograph of the fabricated stimulus source of integrated circuit
and PCB matching circuit.

between P1 and P2. The reflection was adjusted by
optimizing the capacitance of C1 to 0.84 C2 to improve the
impedance balance between the nodes. Fig. 4(b) shows that
the proposed method can improve the phase balance between
two input balun nodes compared with the conventional
configuration of identical RF short-capacitor loading. Through
improved impedance asymmetry, the output power and
efficiency of the two-stage four-stacked PA increased by up to
33.8 dBm and 29.5%, respectively. Fig. 5(a) shows the result
of an imbalance of magnitude and phase between P1 and
P2 nodes according to the coupler distance. A conventional
design method was used for the simulation of the symmetric
case with 5 pF used to be the ac ground at 6.5 GHz.
The proposed asymmetric capacitor-loaded technique shows
a degraded phase imbalance for zero-gap or low-gap, which
is impractical but achieves a phase and magnitude imbalance
of less than 1◦ and less than 0.2 dB at a manufacturable
distance of 2 mm. Finally, with the proposed technique,
it was possible to achieve an improvement of 2.6◦ of phase
and 0.1 dB in magnitude balance. Fig. 5(b) also shows the
effect of process variations and mismatches on the coupler
width. It can be seen that the proposed structure exhibits
excellent magnitude and phase imbalance performance while
exhibiting a relatively flat change. The insensitivity of the
changes in phase and magnitude to the variation in each gap
and width shows that it is useful for process and mismatch.
The proposed PA, with the improved balance of the differential
PA drain impedance, achieved a gain and drain efficiency
(DE) improvement of 5.9 dB and 2.2% at 6.5 GHz over the
conventional configuration, respectively.

III. MEASUREMENT RESULTS

Fig. 6 shows a photograph of the stimulus-source module
fabricated to demonstrate the proposed topology. The
integrated circuit comprising the VCO and PA is fabricated

Fig. 7. Comparison of the simulated and measured results of the proposed
stimulus source.

TABLE II
COMPARISON WITH RECENT RF STIMULUS SYSTEMS

in a 0.28-µm SOI CMOS process and occupies an area of
1 × 1.59 mm2. The proposed Marchand balun-based output-
matching network was fabricated using a conventional printed
circuit board (PCB) process with 0.4T FR4 (ϵr = 4.6).
The Keysight ADS was used for the simulations. The
measurements were performed using a Keysight N7080A
vector network analyzer, an N8481A power sensor, and
an E4417 power meter. Fig. 7 shows the simulation and
measured results of the saturated output power, PA gain,
and DE of the overall stimulus source. The measured peak
DE is 28.7% at 6.5 GHz, and the following output power
driven by an internal VCO is 33.4 dBm. The measured
gain is calculated considering VCO output power and results
in 23.1–28.5 dB across the 5.5–7.5-GHz band. Table II
summarizes the measured performance of the source and its
comparison with other state-of-the-art works. The proposed
work achieved comparable DE with the highest output power
and gain among PAs fabricated in other CMOS processes.

IV. CONCLUSION

This study proposed a novel C-band stimulus source
comprising an asymmetric capacitor-loaded Marchand balun,
two-stage four-stacked PA, and VCO. The requirements were
analyzed based on realistic far-field stimulation environments
to articulate the target specifications of the stimulus sources.
The impedance balance was improved by loading different
capacitors on the Marchand balun used for matching to
enhance the PA output and efficiency. The proposed stimulus
source can be a solution for the microwave stimulation
of C-band frequencies.
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