MITSUBISHI ELECTRIC RESEARCH LABORATORIES
http://www.merl.com

A Review of Recent Development on Digital Transmitters
with Integrated GaN Switch-Mode Amplifiers
Ma, R.
TR2015-115

August 2015

Abstract
GaN integrated switch-mode power amplifier with high output power, fast and efficient switching characteristic has been considered as a very suitable technology for implementing advanced
digital radio transmitter. It is featured of energyefficient and re-configurable operation. This
paper reviews the recently reported works in this promising research topic. Key technical
challenges on the device technology, modeling, and circuit designs are summarized. Future
development trend is discussed.
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I.

INTRODUCTION

The term “software defined radio” (SDR) was coined in
1990s to attempt to place most of the complex signal
processing involved in transceivers into the digital domain.
Benefiting from Moore’s law, tremendous progress has been
made to improve the capability of signal processing units in the
recent decades. As a result, this gradually enables digital
transmitter for SDR for cellular applications at GHz range,
which was feasible only at audio frequency [1-3].
A diagram of typical all-digital transmitter is represented in
Fig. 1. Majority of signal processing is performed in the digital
domain, using either digital signal processor (DSP) or ASIC
(application-specific integrated circuit). A train of high speed
digital-RF signals (several Gbps in single or multi-bits) with
rectangular wave shape, which is generated directly by power
encoder block, is fed to a high efficiency switch-mode power
amplifier (PA), e.g. class-D/-S. Its theoretical efficiency is
100%. At the end, a band-pass filter is normally needed after
PA to reconstruct analog waveforms for antenna radiation.

Fig. 1. Tyical all-digital transmitter architecture.

In principle, frequency up-conversion is implemented
digitally with digital LO and mixing functions. Delta sigma
modulation (DSM) and pulse width modulation (PWM) are the

common methods for quantization to generate the digital-RF
bits [4]. Digital-to-analog conversion (DAC) is happening at
the output of the power amplifier. Re-configurable operation
for different RF frequencies and signal standards can be done
by algorithm update within power encoder, relying on
minimum external hardware changes, e.g. only tunable filter
part. For example, to transmit concurrent multi-band RF
signals in inter-band carrier aggregation (CA) in LTEAdvanced with traditional transmitter using wideband or multiband PA is less-flexible and inefficient [2]. Instead, it can be
handled by digital transmitter using switch-mode PA with
promising performance, as demonstrated in [4-5].
For digital transmitter, several publications have discussed
the critical roles of power encoding block [4-7]. This paper will
focus on summarizing the technical challenges and recent
development of switch-mode PA, in particular using GaN
(gallium nitride) based MIC (microwave integrated circuit)
technology. It is well-known that GaN is a promising
technology for high power and high frequency applications,
which manifest itself very suitable for designing switch-mode
PA [7-9]. However, there are several unique challenges to be
considered including GaN device technology, modeling and
PA circuit design. These will be reviewed in the next section.
Finally, future development trend of digital transmitter will be
provided at section III.
II.

KEY CHALLENGES

A. GaN Technology
To enhance the efficiency of whole digital transmitter, it is
essential to reduce various kinds of losses in the active GaN
switch devices, as shown in Fig. 2. It includes both static losses
contributed mainly by device on-resistance Ron and switching
losses due to parasitic capacitances (~ C⋅fsw2) [10-13]. The
power encoded waveform of a broadband modulated signals is
non-periodic and often several times (2~5) faster than the
fundamental RF carrier frequencies, due to over-sampling in
power encoding procedure. Consequently, it causes the
increases of effective Ron, which is bigger than Ron in static DC
status (approximately increase >30%) [13]. It is also preferred
to reduce the turn-on/turn-off transitions through advanced
power encoding algorithm [10]. Minimized Ron has also
positive influence on the parasitic capacitance. Reduced
parasitic capacitance (Cgs, Cgd, and Cds) can contribute to a

faster and efficient switching (higher slew-rate of turn ON and
OFF with minimized overlap of current and voltage
waveforms).
Another issue is that the nature of input power encoded
input signal is ultra-wideband starting from almost DC to
several times of RF frequency (10~20 times). It thus requires a
high device cut-off frequency fT. Currently, devices with gate
length of 0.15μm~0.5μm have been reported [8-13]. The
reduced gate length offers usually higher efficiency and higher
trans-conductance but has negative influence on the device
breakdown voltage.

power amplifier such as class-AB or Doherty PA [14-15].
Therefore, specially developed device model to represent the
two main statuses (ON and OFF) is preferred. Fig. 2 shows the
simplified device model for switch-mode applications. It is
realized that accurately model the parasitic capacitance are
critical for switch-mode operation. Time-domain and
frequency domain verification should be done. Convergence is
less problematic once dedicated simplified model is chosen,
compared with the very complicated comprehensive device
models.
C. PA Circuit Design

Recently published literatures [8-13] have demonstrated
very promising progress for digital transmitter with GaN. For
example, FBH group reported in [8] around 90% at 1.8 Gbps
for an output power of 17W for typical BPDS (bandpass delta
sigma modulation) or PRBS (pseudorandom binary sequence)
signal with gate width of 2x8x250 μm. This efficiency refers to
the power switch alone, which is the ratio of the broadband
output powers for a 50Ω to the consumed DC power.
The GaN technology reported from IAF in [9] is a 0.25 μm
gate length T-gate with 22 nm Al0.22Ga0.78N barrier with a thin
GaN cap layer on a 3-inch semi-insulating SiC substrate, with
a threshold voltage of -2.7V. Its key parameters are listed in
Table I.
TABLE I.

ID, max
gm, max
Rs
Ron
BVGS (T =150°C)
BVGD (T =150°C)
ft
fmax

GAN DEVICE PERFORMANCE

1050 mA/mm
330 mS/mm
0.7 Ω⋅mm
3Ω⋅mm
>60 V
>120 V
32 GHz
42 GHz

Difference in de-trapping and trapping time constant could
affect the turn-on and turn-off wave forms causing distortion,
thus needs to be controlled. Reducing threshold voltage can
mitigate the challenge of voltage swing requirement of the
driver circuits.
B. Device Modeling

Fig. 3. Schemeatic and fabricated chip of GaN voltage-mode bootstrap
strcutre [17].

Broadly speaking, there are two classes of switch-mode
operation, namely voltage and current mode, depending on
which waveform is rectangular. They both have pros and cons,
as described in [12, 16]. The output network of voltage-mode
is single-ended, instead of balanced (current-mode relying on
extra balun circuit), as shown in Fig. 3. However, it is
notorious challenging to drive the upper final stage GaN switch
in the voltage-mode operation. This is because its source is
almost changing from 0V to the supply voltage (>20V),
making its driver output voltage swing very challenging.
Therefore, significant efforts have been made for the
innovative design of driver stages including the bootstrap
reported by [17-18], as shown in Fig. 3. This remains to be a
very demanding design task for high power (>10W) and high
frequency (>1 GHz RF frequency). The recent work [19] has
proposed and developed the multi-stage structure to enhance
the driver capability for upper switch with promising
efficiency, as shown in Fig. 4.

Fig. 2. Simplified device model for switch-mode PA operation [14].
Fig. 4. Schemeatic of digital GaN voltage-mode PA MMIC [19].

The operation area (load-line) of switch-mode power
amplifier is significantly different from the traditional linear

Advanced multi-level (3/5-level) switch-mode PA
topologies such as H-bridge or extended H-bridge is required
to comply with the multi-level power encoded signal (higher
coding efficiency). So far, H-bridge is the main demonstrated
topology for GaN class-S PA for single-band and dual-band
transmission at in the sub GHz cellular bands [4, 7, 19].
Further innovation on both circuit design and power
coding algorithm is need to boost the system performance for
more challenging radio transmission.
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III. SUMMARY AND OUTLOOK
[9]

This paper briefly reviews the advantages and challenges of
designing switch-mode GaN power amplifier integrated circuit
for digital transmitter. Optimized device technologies for
faster, more efficient, and broadband switching characteristics,
specially developed transistor models, and amplifier circuits
topologies were discussed. It is envisioned that in the future,
all-digital transmitter will be more suitable for ever-increasing
challenges in the multi-standard and multi-frequency band
radios owing to its true flexibilities and efficiency. With the
development of advanced power encoding algorithm, digital
signal processors, enhancement-mode of GaN HEMT,
combining with enhanced driver circuitry, which can be
realized in silicon CMOS [20] technology or SiGe technology
[21]. Innovation on the reconstruction filters [22] is also
necessary to improve the whole system performance.
Linearization techniques such as digital pre-distortion (DPD) is
necessary to minimize the distortion, which needs to be
specially developed for class-S operation, to meet both the inband (e.g. EVM) and out-of-band (ACPR) requirement. In the
future, monolithic and/or heterogonous integrations techniques
maximizing the technologies strength with the highest
performance are the development trend in the microwave
industry, which could be applied also for the digital transmitter
applications [23].
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