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Abstract—All-digital outphasing transmitter architecture using
multidimensional power coding (MDPC) is proposed for
non-contiguous concurrent multiband transmission with a high
power efficiency. MDPC transforms multiband digital baseband
signals into multi-bit low-resolution digital signals that drive
switching-mode PAs. A prototype digital outphasing transmitter
consists of two 1-GHz bandwidth GaN Class-D PAs and a Chireix
power combiner. The two GaN PAs are driven by bipolar RF
PWM signals, which are transformed from a concurrent
dual-band LTE signal by MDPC. The dual-band LTE signal with
15-MHz aggregate channel bandwidth at 240 MHz and 500 MHz
frequency band is transmitted with -30 dBc and -37 dBc
out-of-band emissions, respectively. Digital outphasing achieves
more than two times higher coding efficiency than conventional
concurrent dual-band digital transmitters with the same PAs in
Class-S operation. Measured power coding efficiencies of 35.4%
and 47.1% are observed with outphasing bipolar and 3-level RF
PWM signals respectively, which are encoded from the dual-band
LTE signal.
Index Terms— Class-S power amplifier, concurrent dual-band
transmitter, inter-band carrier aggregation, power coding,
multiband delta-sigma modulator, outphasing.

I. INTRODUCTION

N

ON-CONTIGUOUS concurrent multiband transmission
techniques for inter-band carrier aggregation (CA) [1]
have been recently developed for 4G LTE-A and 5G mobile
broadband communication, which achieve a multi-gigabit
wireless data rate as well as efficient spectrum usage. The
flexibility and demanding performance requirements for the
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Fig. 1. All-digital transmitter architecture for concurrent multi-band
transmission.

inter-band CA are very challenging to achieve. Furthermore,
the peak-to-average power ratio (PAPR) of a concurrent
multiband signal is typically larger than 10–12-dB, so that the
average power efficiency of a linear power amplifier (PA)
significantly suffers.
All-digital concurrent multiband RF transmitters [2]-[5] with
Class-S operation have shown a promising potential to provide
high average power efficiency. All-digital architecture (Fig. 1)
replaces RF/analog front-ends, which drive the PA in Class-S
operation, with high-speed digital circuits, allowing a compact
and low-cost implementation. Class-S operation demonstrated
in [6]-[10] typically achieves the output envelope amplitude
modulation with a switching-mode Class-D amplifier by
applying time-domain modulation on the two-level digital input
signals. Pulse-width modulation (PWM) [6], [7] and bandpass
delta-sigma modulation (BPDSM) [8]-[10] have been
popularly used to modulate the digital input signal for Class-S
operation. Although ideal Class-S operation achieves 100%
power efficiency independent of power back-off [9], the
non-ideal switch characteristics of a transistor at a high
frequency, particularly when the input pulses have a large
variation in duty cycle, degrades the power efficiency.
The average power efficiency of an ideal Class-S transmitter,
as reviewed in Section II-A, can be determined as a product of
the PA peak power efficiency and power coding efficiency,
which is defined as a ratio of the in-band power to the total
output power both at the transmitter output [11]-[13], [37].
Compared to the linear PAs [14]-[16] whose average power
efficiency depends on the instantaneous envelope amplitude of
the RF signals in transmit, the power efficiency of an ideal
Class-D PA in Class-S operation remains constant. Therefore,
to improve the average power efficiency of all-digital
concurrent multiband transmitters, it is essential to improve
power coding efficiency. With Class-S outphasing transmitters,
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Fig. 2. Multidimensional power coding (MDPC) for concurrent multi-band digital transmitters.

the outphasing operation varies the PA power efficiency
depending on the transmitter output power, so that power
combiner design is very important to achieve high average
power efficiency.
To improve the power coding efficiency of all-digital
Class-S transmitters, various pulse modulation techniques have
been introduced. Multilevel RF PWM (ML-RFPWM) [10],
[18], [19] provides a high coding efficiency with moderate
out-of-band emission. Multilevel baseband delta-sigma
modulation (DSM) followed by a quadrature modulation [2]
and multilevel RF delta-sigma modulation (ML-RFDSM) [18]
generally achieves lower out-of-band emission than RF PWM
if the ML-RFDSM oversampling rate is sufficiently high. The
coding efficiency of ML-RFDSM is, due to noise shaping,
lower than ML-RFPWM. Nevertheless, ML-RFDSM provides
an advantage that it can use a lower sampling clock rate than
ML-RFPWM. Multilevel IF PWM (ML-IFPWM) [19]
compromises the high coding efficiency of ML-RFPWM and
the low out-of-band emission of ML-RFDSM, but with
additional spurious tones that prevent the application of
ML-IFPWM on concurrent multiband transmission.
Combining baseband delta-sigma (DSM) modulation and
baseband PWM [20], [21] shows the advantage of both
techniques: a low oversampling rate is allowed while a low
out-of-band emission is achieved. When the baseband
DSM-PWM signals are up-converted to a carrier frequency
using a digital mixer, however, these hybrid DSM-PWM
transmitters would generate in-band spurious tones if a
concurrent multiband signal is transmitted. Bandpass
delta-sigma modulation (BPDSM) does not generate such
harmful spurious tones when a concurrent multiband signal is
transmitted. Due to the complexity of multi-level Class-S PA
implementation, multi-level BPDSM has been limited to less
than 3-level in practice [3], [5], [22] resulting in low power
coding efficiency. Recently, a hybrid DSM-RFPWM
architecture [32] is reported, which avoids the in-band spurious

tones by directly transforming a DSM signal into a RFPWM
signal without frequency up-conversion. However, since the
DSM-RFPWM technique is developed for a classical
switching-mode PAs with a binary input, achieving a high
average power efficiency still remains as an unsolved problem.
This work introduces a digital outphasing transmitter
architecture, which is based on a hybrid architecture taking the
advantage of BPDSM, RFPWM, and outphasing. Digital
outphasing improves the average power efficiency of
concurrent multiband transmitters while addressing the
aforementioned design challenges of advanced digital
transmitters. The proposed architecture modulates multiband
baseband signals into a multilevel BPDSM signal, which is
then transformed into an RFPWM signal with a reduced
number of amplitude levels. The number of amplitude levels in
the RFPWM signal is further reduced by digital outphasing.
The key difference of the digital outphasing in this work from
classical outphasing is that only a small number of discrete
outphasing angles are used and also a large outphasing angles
never occur, allowing the use of a highly efficiency Chireix
power combiner.
This paper extends the work of digital outphasing transmitter
architecture [23] in a number of aspects. First, we implemented
and characterized a prototype concurrent dual-band digital
outphasing transmitter including GaN Class-D PAs in Class-S
operation. Second, we introduce multidimensional power
coding (MDPC) theory, which is a framework that allows the
optimization of the proposed digital outphasing transmitter
architecture as well as general advanced transmitter
architectures with a high degree-of-freedom in modulation.
Additionally, we discuss general considerations on the design
trade-offs in terms of linearity and coding efficiency.
The organization of this paper is as follows. Section II
introduces the MDPC framework. Section III describes the
digital outphasing transmitter architecture based on MDPC for
non-contiguous concurrent multi-band transmission, with
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Fig. 3. A typical architecture of MDPC-based concurrent multiband
digital transmitters with N-way power combining.

considerations on RF output filter design requirements and
transmitter average power efficiency. Section IV discusses the
measurement results with 800-MHz GaN Class-D PAs,
concluding in Section V.
II. MULTIDIMENSIONAL POWER CODING (MDPC)
The concept of power coding, which we introduce in this
paper, serves as a theoretical framework to improve the general
performance matrix of digital transmitters such as power
efficiency, error-vector magnitude (EVM), ACPR (adjacent
channel power ratio), and spurious emission. A power coding
scheme was used in [19] with a single Class-S PA but has not
been explored to connect the definition of a given coding
scheme to digital transmitter performance elements such as
coding efficiency, soft switching, distortion, linearity, and
noise. It is beyond the scope of this paper to create this
connection, which will allow the system designers to
systematically optimize the efficiency of a particular power
coding scheme by considering a specific set of transmitter
performance goals. Instead, as a first step towards the further
development of power coding theory, we formulate the
implementation structure of a power coding scheme in what
follows.
Multidimensional power coding (MDPC) for concurrent
multi-band transmitters transforms M baseband signals into N
multi-level digital RF signals (Fig. 2). The M baseband signals
correspond to M concurrently transmitted wireless channels.
Each of the N multi-level digital RF signals drives a digital PA.
In principle, MDPC transforms multiple baseband signals into a
set of digital signals that interface with digital PAs.
MDPC performs four functions in order – 1) digital
predistortion on each of the multiple baseband signals to be
concurrently transmitted, 2) frequency up-conversion of
multiple baseband signals into a single-stream multiband
digital RF signals, 3) reduction of the digital RF signal
resolution, and 4) encoding the low-resolution digital RF signal
into power codes. To simplify matters, assume that crosstalk
and memory effects with the PAs do not exist for the following
discussion.
Fig. 3 shows a typical architecture of MDPC-based
concurrent multiband digital transmitters. The N outputs from
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the digital PAs are combined, producing a concurrent
multi-band signals. Each digital PA can transmit an
independent signal, providing an additional degree-of-freedom
in modulation. The multi-band filter after the power combiner
is optional, suppressing out-of-band emission if necessary.
With N-way power combining, assuming that the power
combiner has ideal characteristics of zero insertion loss and
infinite bandwidth, [24] shows that the average transmitter
power efficiency improves beyond the classical 2-way
outphasing [25], [26], but with diminishing efficiency
improvement as N increases. For example, when N=2, two
2-level digital PAs are equivalent to one 3-level digital PA if
the two power codes from each PA are synchronized as in [19].
Under the MDPC framework, if the phase difference between
the two power codes is properly outphased, the two 2-level
digital PAs can achieve approximately three times higher
average power efficiency than one 3-level digital PA. With an
experimental prototype transmitter, we show that this average
power efficiency improvement is large enough to compensate
for power combiner loss.
The transmitter architecture for MDPC is not limited to this
specific example. MDPC can be applied to general transmitter
architectures with multiple degree-of-freedoms in RF envelope
modulation, such as phased-array transmitters, envelope
tracking transmitters, and polar transmitters.
A. Frequency up-conversion
The frequency up-conversion is performed by quadrature
modulation on an RF carrier ݂ with the complex digital
baseband signal ܺ ሾ݊ሿ, so that the resulting multiband digital
RF signal is obtained as
ܴ ሾ݊ሿ ൌ ܺ ሾ݊ሿ݁ ଶగ Ȁೞ

(1)

where ݂௦ is the sampling clock rate of an MDPC encoder.
Although a practical hardware implementation requires
up-sampling of baseband signal before the quadrature
modulation, we assume the all signals have the same sampling
rate to understand the system with simple equations.
B. Reduction of Digital RF Signal Resolution
The reduction of digital signal resolution is essential to drive
the digital PAs whose input signal has a limited resolution. Due
to the complexity and parasitic capacitance, the number of
output levels with a digital PA particularly for a high-power
basestation is practically limited to no more than 5 or 7 levels.
The resolution of the digital PA input signal (typically 1-3 bits)
is most likely much lower than the resolution of the complex
digital baseband signal (typically more than 10-12 bits for
power control with mobile communication signals such as
WCDMA and LTE).
Reduction of the digital RF signal resolution is performed by
a nonlinear oversampling. Delta-sigma modulation is one
function that can serve as the oversampling function. As a
result, the low-resolution multi-band digital RF signal ܶሾ݊ሿ,
which includes quantization noise ܳሺݐሻ, is obtained from the
high-resolution digital RF signal ܴ ሾ݊ሿ:
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amplitude is produced.
Encoding the digital RF signal into power codes is allowed
only when the resolution of the digital RF signal is low enough
such that a mapping can be found from each value of the digital
RF signal ܶሾ݊ሿ to a set of power codes:
ܥ ሾ݊ሿ ൌ ܯ ሺܶሾ݊ሿሻ

where ܯ is the mapping function.
A general mapping function can be either linear or nonlinear.
Popularly chosen coding functions include multi-level
delta-sigma modulation, multi-level PWM, and combinations
of both, depending on application requirements. A general
mapping function is not limited to these typical cases, but can
be arbitrarily designed to improve a specific transmitter
performance factor such as efficiency, bandwidth, and linearity.

(a)

(b)
Fig. 4. Digital Class-S transmitter: (a) non-uniform multilevel
digital PA in Class-S operation, which provides higher coding
efficiency than uniform multilevel digital PAs, (b) a single-bit Class-S
transmitter implementation, consisting of a Class-D PA followed by
an LC band-pass filter (BPF).
ெ

ܶሾ݊ሿ ൌ ܳሾ݊ሿ   ܴ ሾ݊ሿǤ

(2)

ୀଵ

The multi-band filter attenuates the added quantization noise
to a required level, so that the radiated signal through the
antenna does not increase the receiver band noise. Therefore,
when the digital PAs and power combiner have ideal
characteristics of infinite bandwidth without nonlinearity, the
impulse response of the multi-band analog filter ݄ሺݐሻ can be
chosen such that the filter output is close to the in-band signal
before reducing the signal resolution:
ଶ

ܧ ൌ ȁܴሾ݊ െ ߬ሿ െ ݕሺ݊ܶ ሻȁ  اȁܴሾ݊ሿȁଶ


(4)

(3)



where ݕሺݐሻ is the multi-band filter output, ܶ is the power
encoder output sampling time, and ߬ is a delay to align the
high-resolution digital RF signal ܴሾ݊ሿ ൌ σெ
ୀଵ ܴ ሾ݊ሿ and the
multiband filter output ݕሺݐሻ.

C. Encoding the Low-Resolution Digital RF Signal
Power code is a set of digital signals, which represents a
power level at the transmitter output. For example, if the 8
switches of the Class-S PA (Fig. 4a) have a set of states – {on,
off, off, on, on, off, off, on}, the output power with the largest

D. Linearization
In power coding, the linearization by digital-predistortion
(DPD) on the digital baseband signals is necessary to
compensate for a nonlinear mapping function as well as the
static and dynamic nonlinearities of the digital PAs. The PA
dynamic nonlinearities and crosstalk are not considered in this
paper to simplify details. We consider two purposeful cases of
using a nonlinear coding function.
First, popular pulse modulation techniques are inherently
nonlinear, so that the use of a nonlinear mapping function is
often inevitable. For an example, if RFPWM codes are driving
the digital PAs, because the envelope amplitude of
switching-mode PA output is nonlinearly proportional to the
duty cycle as studied in [27], [28], the baseband digital signal
ܺ ሾ݊ሿ needs to be properly pre-distorted.
Second, a digital PA with non-uniform multilevel output
(Fig. 4a) achieves a higher averaging coding efficiency,
compared to a digital PA with uniform multilevel output. To
drive the non-uniform multilevel digital PA, a nonlinear
mapping function is necessary. A specific non-uniformity can
be optimized considering the statistical property of transmit
signals. DPD on the digital baseband signals compensates for
this purposefully added static nonlinearity.
Behavioral simulation shows approximately 5% coding
efficiency improvement with an H-bridge digital PA by using
non-uniform multilevel outputs. The coding efficiency is
simulated for 5-MHz bandwidth LTE signal transmission with
5-level IFPWM power coding [2]. Variation on the transistors
in term of size and supply voltage, results in different current
and voltage ratios between the two adjacent non-zero output
levels of the digital PA.
A predistortion function ܨሾ݊ሿ is applied to the digital
ᇱ ሾ݊ሿ
baseband signals, producing ܴ
which replaces ܴ ሾ݊ሿ:
ᇱ ሾ݊ሿ
ܴ
ൌ ܨൣܺ ሾ݊ሿ൧݁ ଶగ Ȁೞ Ǥ

(5)

E. Class-S Transmitter Power Efficiency
We review the operation and power efficiency of Class-S
transmitters, which will allow analytical prediction on the
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average power efficiency of MDPC based digital transmitters
by evaluating coding efficiency and peak PA efficiency. For a
Class-S transmitter (Fig. 4b), which consists of a Class-D PA
followed by an LC band-pass filter (BPF), following the
definition on coding efficiency given in [11-13], we determine
the coding efficiency as the in-band channel power divided by
the total signal power both at the transmitter output. What
makes it different from Class-D operation is the way the input
signal is driving the PA; in order to modulate the output
envelope amplitude, the input signal duty cycle is modulated.
First, let us consider the average power efficiency of the
Class-S transmitter shown in Fig. 4b with an ideal case where
1) the PA has an infinite bandwidth with a constant power
efficiency and 2) the output filter has an infinite Q and allows
only the fundamental component to pass through towards the
load. The PA drain voltage for a square wave input signal with
a frequency ߱ is also a square wave, which can be written in a
Fourier series,
ܸ
Ͷ
ͳ
ͳ
ܸ ൌ
ͳ  ൬ ߠ   ͵ߠ   ͷߠ   ڮ൰൨
ʹ
ߨ
͵
ͷ

(6)

where ܸ is the supply voltage and ߠ ൌ ߱ ݐ. Since the BPF is
assumed to pass only the fundamental component, the load
voltage is given by
ܸை ൌ

ʹܸ
 ߠǤ
ߨ

(7)

Although only the fundamental component of the square-wave
signal at the BPF input passes through and reaches the load,
there is no energy loss since the BPF consists of ideal lossless
reactive components. Because the BPF output does not contain
high-order harmonics, following the definition of coding
efficiency, we obtain 100% coding efficiency in this ideal case.
The power delivered to the load is given by
ܲ ൌ

ଶ
ை ଶ ʹܸ
ܸ
ൌ ଶ
ʹܴ ߨ ܴ

(8)

ை ൌ ʹܸ Τߨ is the peak output voltage applied to the
where ܸ
load resistance ܴ . The average current from the supply is
obtained as
ை
ͳ గ ܸை
ܸ
ʹܸ
തതതത
(9)
ܫ ൌ
න
݀ߠ ൌ
ൌ ଶ Ǥ
ʹߨ  ܴ
ߨܴ ߨ ܴ
The power delivered from the supply is determined as
തതതതത
ܲ ൌ ܸ ܫതതതത
 ൌ

ଶ
ʹܸ
Ǥ
ߨ ଶ ܴ

(10)

The peak PA efficiency is obtained by dividing the power
delivered to the load by the power delivered from the supply
ߟ ൌ

ܲ
ൌ ͳͲͲΨǤ
തതതതത
ܲ
 

(11)
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The average PA efficiency ߟҧ is 100 %, which is obtained from
ߟҧ ൌ ߟ ߟ

(12)

where ߟ is the peak PA efficiency and ߟ is the coding
efficiency. If the PA input is modulated by oversampling such
as delta-sigma modulation, although there are no high-order
harmonics at the load, the BPF allows in-band quantization
noise to pass; consequently coding efficiency drops, which
decreases the PA average efficiency.
Second, let us consider the average power efficiency of the
Class-S transmitter with a practical case where 1) the PA has a
finite bandwidth with the peak power efficiency ߟ only in the
passband and 2) the output filter does not completely block
high-order harmonics. In order to consider the impact of
efficiency drop compared to the ideal case, an efficiency
degradation factor ߙ can be determined as
ߙൌ

ܲை
ሺߟ ሻିଵ ൌ
ܲ 


ܲ  σஶ
ୀଶ ܲ


ܲ  σஶ
ୀଶ ܲ ቆ

ߟ
 ቇ
ߟ

(13)

where ܲை is the total power including both the fundamental and
high-order components at the BPF output, ܲ is the power
delivered to the load for the fundamental component, and ܲ

and ߟ
are the power delivered to the load and the PA
efficiency for the ݅-th order harmonic component, respectively.
Using the efficiency degradation factor ߙ , the average PA
efficiency is obtained as
ߟҧ ൌ ߟ ߟ ൌ ሺߙߟ ሻߟ

(14)

where ߟ denotes the effective PA efficiency considering the
efficiency degradation. Suppose that the PA efficiency
increasingly drops for a higher-order component. Then, as the
PA bandwidth gets narrower,ߙ decreases, which means that
the effective PA power efficiency ߟ also decreases. Since the
high-order harmonics at the load decreases as the PA
bandwidth gets narrower, however, the coding efficiency ߟ
may increase. Nevertheless, if the limited PA bandwidth
prevents the drain voltage and current from achieving a
zero-voltage switching condition, the PA peak efficiency ߟ
significantly drops, which in turn decreases the average power
efficiency ߟҧ .
III. DIGITAL OUTPHASING TRANSMITTER ARCHITECTURE FOR
NON-CONTIGUOUS CONCURRENT MULTI-BAND

Fig. 5 shows the proposed concurrent multi-band digital
outphasing transmitter architecture with 2-dimensional power
coding. The multiple quadrature baseband signals are
up-converted to each band (component carrier in CA) in digital
domain. Multiband multi-bit BPDSM combines the
high-resolution digital baseband inputs (>10 bits) into a
single-stream multi-level digital signal (e.g. 7 levels) with high
linearity. Because the implementation complexity of Class-S
digital PAs is increasingly difficult with a large number of
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Fig. 5. Proposed digital outphasing transmitter architecture with 2-dimensional power coding.

carrier frequency. The dual-band input signal X1(s) and X2(s)
are scaled such that the quantizer is not saturated in order to
maintain the BPDSM feedback stability and linearity.
Triple-band input can be applied by adding a third loop-filter
L3(s) at the expense of reduced modulator feedback stability.
Design guidelines on the multiband BPDSM can be obtained
by observing its noise and signal transfer functions. For a
general multi-band BPDSM with the modulator architecture in
Fig. 6, the modulator output is related to the input signals by
one noise transfer function and multiple signal transfer
function:
Fig. 6. Multi-band band-pass delta-sigma modulator (BPDSM) with
level clipping for high coding efficiency.

output levels (>5 levels), the single-stream multi-level BPDSM
output signal is transformed into dual-stream multi-level (e.g. 3
levels) PWM signals that are outphased to each other, so that
the PAs can produce only a small number of output levels. By
keeping the outphasing angles small, non-isolated Chireix
power combiners can be used with a very high efficiency in
summing the output power of the two PAs. Therefore, both
high efficiency and high linearity can be obtained with low
sensitivity to mismatch.
The digital outphasing transmitter uses oversampling
BPDSM, which reduces the digital RF signal resolution (as
discussed in Section II) and also differentiate the digital
outphasing transmitter from the conventional outphasing
transmitters. Outphasing transmitter with discrete PWM [29]
improves the transmitter power efficiency by combining
outphasing and PWM, but the outphasing requires very fine
resolution. High-fidelity analog/RF front-end, therefore, is
required. Outphasing transmitter with envelope PWM [30] also
requires very fine outphasing resolution. Furthermore,
envelope PWM needs more than 100 times higher sampling
rate than the largest frequency difference among multiband
carriers.
A. Multi-Band Multi-Bit BPDSM with Level Clipping
Fig. 6 shows the multi-band multi-bit BPDSM with level
clipping for high power coding efficiency, which is used in the
proposed transmitter architecture. Two digital loop-filters L1(s)
and L2(s) have a different resonant frequency tuned for each

ெ

ܻሺݖሻ ൌ ܰܶܨሺݖሻܧሺݖሻ   ܵܶܨ ሺݖሻܺሺݖሻ

(15)

ୀଵ

where ܧሺݖሻ represents the quantization noise. The noise
transfer function is derived in [4] as
ெ

ܰܶܨሺݖሻ ൌ ൭ͳ   ܮ ሺݖሻ൱

ିଵ

(16)

ୀଵ

while the signal transfer functions are given by
ெ

ܵܶܨ ሺݖሻ ൌ ൫ͳ  ܮ ሺݖሻ൯Ȁ ൭ͳ   ܮ ሺݖሻ൱Ǥ
ୀଵ

(17)

The noise transfer function shows that, to avoid noise peaking
in the BPDSM output spectrum, we should not choose the same
zeroes for all digital loop filters. The signal transfer function
shows that the multiple carrier frequencies, to reduce the
insertion loss in the signal band, should be far away from each
other. Following these two guidelines, we design a multiband
BPDSM in three steps. First, design each loop filter for a
single-band BPDSM [31]. Second, adjust the zeroes in the
digital loop filters such that they are away from each other until
there is no large noise peaking. Third, if the in-band insertion
loss is high, increase the order of the digital loop filter order.
The level clipper reduces the number of BPDSM output
levels, which improves the coding efficiency at the expense of
linearity and out-of-band emission. Lower than -50-dBc
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Fig. 7. Dual-band BPDSM implementation with two 6-order loop filters.

Fig. 8. Power encoder operation for outphasing two 3-level RF PWM signals that are mapped from a 7-level BPDSM signal.

out-of-band emissions can be achieved with a 9-level quantizer
without clipping. Simulation results show that clipping the
9-level quantizer output signals into 7-level improves the
coding efficiency by more than 10% with acceptable EVM
performance and out-of-band emissions for dual-band LTE
signals with 10-MHz + 20-MHz bandwidth.
Fig. 7 shows a dual-band BPDSM design with two 6-th order
loop filters, a 9-level quantizer shared by the two loop filters,
and a 7-level clipper for a concurrent dual-band LTE
transmitter prototype. Each loop filter consists of a three-stage
cascade of resonators with distributed feedback (CRFB) whose
analysis and design have been extensively studied in many
literature including [5], [31]. In hardware implementation,

carrier frequencies can be reconfigured by updating the digital
loop filter coefficients with a set of pre-calculated values. Since
the signal path up to the PA inputs is all in digital domain, a
wide frequency range can be supported.
B. Outphasing Multi-level RF Pulse-Width Modulation
(ML-RFPWM) Power Encoder
Fig. 8 shows an example operation of the two-dimensional
power encoder, which transforms the single-stream 7-level
BPDSM output signals into dual-stream 3-level PWM
outphasing MLRF-PWM signals. Discrete outphasing is
applied to each pulse, so that the power combiner can recover
the original 7-level BPDSM output signals. The number of
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TABLE I
MDPC SCHEME 1, WHICH ENCODES A 5-LEVEL BPDSM SIGNAL INTO
OUTPHASING 2-LEVEL RFPWM SIGNALS
BPDSM
signal level
2
1
0
-1
-2

2-level
RFPWM
signal 1
1,1,1,1
1,1,1,-1
-1,-1,1,1
-1,-1,-1,1
-1,-1,-1,-1

2-level
RFPWM
signal 2
1,1,1,1
-1,1,1,1
1,1,-1,-1
1,-1,-1,-1
-1,-1,-1,-1

TABLE II
MDPC SCHEME 2, WHICH ENCODES A 7-LEVEL BPDSM SIGNAL INTO
OUTPHASING 3-LEVEL RFPWM SIGNALS
BPDSM
signal level
3
2
1
0
-1
-2
-3

3-level
RFPWM
signal 1
1,1,1,1
0,1,1,1
1,1,0,0
0,0,0,0
-1,-1,0,0
0,-1,-1,-1
-1,-1,-1,-1

Fig. 9. Simulated dual-band BPDSM output for LTE signals with
40-MHz aggregate bandwidth at 856-MHz and 1450-MHz bands.

3-level
RFPWM
signal 2
1,1,1,1
1,1,1,0
0,0,1,1
0,0,0,0
0,0,-1,-1
-1,-1,-1,0
-1,-1,-1,-1

output levels can be determined depending on performance
requirements on linearity and out-of-band emission.
The sampling rate of the power encoder determines the
minimum outphasing angles. A higher sampling rate allows
smaller minimum outphasing angles, so that a larger number of
BPDSM output levels can be transformed into MLRF-PWM
signals with the same number of output levels.
For high coding efficiency, the duty cycles of the
ML-RFPWM signals are maintained higher than 12.5% of the
carrier with the highest frequency among multiple aggregated
bands. Although allowing a lower duty cycle allows a larger
number of BPDSM output levels, the power coding efficiency
degrades as the duty cycle variation grows.
To illustrate nonlinear MDPC schemes, which encode a
BPDSM signal into outphasing ML-RFPWM signals, 5-level
and 7-level BPDSM signals are generated from a concurrent
dual-band LTE signal with 40-MHz aggregate bandwidth at
856-MHz and 1450-MHz frequency bands. Table I and II show
the two difference MDPC schemes that are used to encode the
two BPDSM signals. The 5-level BPDSM signal is encoded
into outphasing 2-level bipolar RFPWM signals. The 7-level
BPDSM signal is encoded into outphasing 3-level RFPWM
signals. Each BPDSM symbol is translated into 4 RFPWM
codes. DPD is not applied to the baseband signals to compare
the nonlinearity of the two MDPC schemes. Table III
summarizes the adjacent channel leakage power (ACPR) and
coding efficiency of these simulated concurrent dual-band LTE
signals.
Fig. 9 shows the spectrum of the 5-level and 7-level BPDSM
signals. 7-level BPDSM signal shows lower quantization noise
from delta-sigma modulation. However, Fig. 10(a) shows that

(a)

(b)
Fig. 10. Simulated concurrent dual-band transmission of LTE signals
with 40-MHz aggregate bandwidth at 856-MHz and 1450-MHz bands
using the two MDPC schemes, which transform 5- and 7-level
BPDSM output signals into outphasing 2- and 3-level RFPWM
signals, respectively (a) close-in spectrum, (b) wideband spectrum.

the outphasing 2-level RFPWM signals, which is encoded by
MDPC scheme 1 (Table I) show a lower sideband spectrum
leakage near the two in-band channels at both 856 MHz and
1450 MHz. This shows that MDPC scheme 1 is more linear
than the MDPC scheme 2. The undesirable sideband spectrum
regrowth with the MDPC scheme 2 can be suppressed by DPD
on baseband signals.
Concerning on coding efficiency, both Fig. 10(a) and Fig.
10(b) show that the outphasing 3-level RFPWM signals have
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TABLE III
ACPR AND CODING EFFICIENCY OF THE SIMULATED CONCURRENT
DUAL-BAND LTE SIGNALS WITH 40-MHZ AGGREGATE BANDWIDTH

5-level
BPDSM
7-level
BPDSM
2-level
RFPWM
3-level
RFPWM

ACPR
856-MHz
Band

ACPR
1450-MHz
Band

Coding
Efficiency

-49.9 dBc

-50.0 dBc

42.2%

-49.0 dBc

-49.1 dBc

59.1%

-49.6 dBc

-49.0 dBc

21.5%

-40.6 dBc

-41.4 dBc

50.1%

Fig. 12. Dual-band RF filter designed with Rogers RO4350 substrate
in order to suppress the out-of-band noise with the concurrent
dual-band LTE signal transmission at 856 MHz and 1450 MHz (EM
simulation shows less than 1.5-dB insertion loss).

Fig. 11. Measured concurrent dual-band LTE signal transmission
using the MDPC scheme 1 (Table I) using a Chireix power combiner
with 1-dB bandwidth from DC to 1.8 GHz.

lower out-of-band emission. Therefore, the MDPC scheme 2
provides a higher coding efficiency of 50.1% compared to the
MDPC scheme 1 with 21.5% coding efficiency. The average
transmitter power efficiency difference between the two coding
schemes is larger than the difference in the coding efficiency.
The average power efficiency considers power loss from
outphasing. To produce transmitter output envelope with zero
amplitude, the MDPC scheme 1 with 2-level RFPWM output
code cancels out the output power from the two PAs. The
MDPC scheme 2 with 3-level RFPWM output code, however,
does not need to cancel the PA output power to produce zero
envelope amplitude, attributing to a higher coding efficiency.
The outphasing angle of two PAs to transmit the two
RFPWM signals depends on the sequence of power codes. For
example, with the MDPC scheme 1, for the BPDSM signal
level ±2, the two power codes are same and so the PA
outphasing angle is zero. When the two BPDSM signal level ±1
are repeating, since the repeating power codes have a 90º phase
offset, the two PA outphasing angle becomes 45º. Although the
zero BPDSM signal level corresponds to the maximum
outphasing angle of 90º, by turning off both two PAs, no power
consumption is necessary, avoiding efficiency degradation.
Consequently, the MDPC scheme 1 needs no more than 45º
outphasing angles, which significantly improves the average

Fig. 13. Attenuation of the out-of-band noise with the concurrent
dual-band transmission by using a multiband RF filter. The filter
output is obtained by combining the measured transmit spectrum with
the simulated filter S21.

power efficiency compared to the conventional outphasing
transmitters.
Fig. 11 shows the measured concurrent dual-band LTE
signal transmission using the MDPC scheme 1 (Table I) with a
limited power combiner bandwidth. A 25-GSPS arbitrary
signal generator Tektronics AWG70000 and wideband driver
amplifier Hittite HMC870LC5 with 20-GHz bandwidth was
used with a custom designed Chireix power combiner with a
1-dB bandwidth from DC to 1.8 GHz. Compared to the
simulation result shown in Fig. 10(a), approximately up to 6-dB
degradation in ACPR is observed, which is sufficient to meet
LTE transmit spectrum.
C. Multiband RF Filter
Proposed digital outphasing transmitter requires two filtering
functions in order to suppress excessive out-of-band noise,
which is a common problem with digital transmitters exploiting
oversampling delta-sigma modulation.
First, in order to meet a given transmit spectral emission
mask and ACPR requirements, a high-order multiband RF filter
whose passbands include the multiple transmit channels. We
designed a microstrip based RF filter using a Rogers RO4350
substrate (Fig. 12). The filter consists of a 5-stage cascade of a
dual resonator reported in [39]. 2.5D EM simulation results on

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQES

10

Fig. 14. Large-signal outphasing Class-D PA model with a Chireix
power combiner, considering finite switch-on resistance by the
resistance R and off-state leakage current by the conductance G.

the physical layout indicates that insertion loss at 857 MHz and
1450 MHz will be less than 1.5 dB. Fig. 13 shows the simulated
filter output with the input signal as the measured dual-band
LTE transmission. The number of filter stages control the
trade-off between the residual out-of-band noise and in-band
insertion loss.
Second, the higher order spectral replicas of the digital
transmitters should be suppressed by additional low-pass
filtering. Particularly, if the multiband RF filter is based on a
transmission line structure, the suppression on the higher-order
harmonics are not enough to satisfy receiver band noise
requirements. Since the digital sampling rate of the proposed
transmitter is at least in the order of 5-10 GHz, this low-pass
filtering is often available for free from the duplexer in
frequency-domain division (FDD) systems. Although
time-domain division (TDD) systems may need a separate
low-pass filter, the wide distance between the spectral replicas
due to a high digital sampling rate makes the low-pass filter
design with much less complexity compared to the multiband
RF filter. For example, if the in-band channels are below 2
GHz, a typical low-pass filter with a less than 1-dB insertion
loss will provide more than 60-dB attenuation on the
high-frequency digital images when the images are separated
by 2-3 GHz.
D. Efficiency of a Class-S Digital Outphasing Transmitter
The power efficiency of the proposed digital outphasing
transmitter with Class-S operation is related to coding
efficiency and the PA power efficiency, which constructs the
outphasing transmitter, as well as power combining efficiency.
Although ideal Class-D outphasing PAs provide 100%
efficiency, non-ideal switch characteristics of transistors
degrades the power efficiency. The existing analysis works on
Chireix power combiner [26], [33], [34] do not consider these
non-idealities at the same time.
Therefore to evaluate the impact of the transistor
non-idealities on the power efficiency of the proposed digital
outphasing technique, we present an efficiency analysis on
outphasing Class-D PAs driven by 2-level bipolar RFPWM
signals. We consider two non-idealities of finite switch turn-on
resistance and off-state leakage current. The finite turn-on
resistance will vary the Class-D PA efficiency under load
modulation while the off-state leakage current will eventually

Fig. 15. Chireix outphasing power efficiency with Class-D PAs
considering finite switch-on resistance R and off-state leakage current.
Solid lines with susceptance compensation shows high efficiency but
the improvement gets smaller if the switch-on resistance is small,
which makes the Class-D PA close to an ideal voltage source.

decrease the PA efficiency towards zero as the power combiner
output is small enough to be comparable with the off-state
leakage current.
Fig. 14 shows a large-signal model for a simplified digital
outphasing transmitter with Class-S operation, which consists
of two Class-D PAs whose output power is summed by a
Chireix power combiner for high efficiency. Chireix power
combiners provide varying load impedance to each Class-D PA
depending on outphasing angles between the two PAs. To
evaluate the power efficiency degradation by transistor
non-idealities, the source resistance R in the large signal model
in Fig. 14 represents the lumped impact of the finite switch
turn-on resistance. The shunt conductance G represents the
lumped impact of the off-state leakage current. An ideal output
filter is assumed, which only allows the fundamental
component to pass; the power efficiency and the output power
in the following analysis do not include high-order harmonics.
From the analysis on the schematic circuit model in Fig. 14,
we obtain the admittance seen by the Class-D PAs, which
coincides with the previous works [26], [34]
ܻଵൗ ൌ ܩ ݆ טሺܤ േ ܤ ሻ ൌ ܩ ܤ݆ ט

(18)

ܤ ൌ ሺܴ Τܼଶ ሻ ʹ߶

(19)

ܸଵൗ ൌ ܸ ݁ േథ

(20)

ଶ

with ܩ ൌ ሺܴ Τܼଶ ሻʹ  ଶ ߶ and ܤ ൌ ሺܴ Τܼଶ ሻ ʹ߶Ǥ The
compensation susceptance can be chosen as

such that the compensation angle ߶ maximizes the average
power efficiency for a given modulated transmit signal.
Since resistive elements do not alter phase, the PA output
node voltages V1 and V2 can be written in a phasor form as
ଶ

with the same phase as the voltage sources where V0 is a
constant.
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Then we find the power delivered to the load RL as
ͳ
ͳ
ܲ ൌ ȁܸ ȁଶ ܴ݁ሼܻଵ ሽ  ȁܸ ȁଶ ܴ݁ሼܻଶ ሽ ൌ ȁܸ ȁଶ ܩ
ʹ
ʹ

(21)

and we obtain the DC power delivered by the voltage sources in
the same way as
ܲ ൌ ȁܸ ȁଶ ሾܩ  ܴሺܩଶ  ܤଶ ሻ
 ܩሺሺͳ  ܴܩ ሻଶ  ܴଶ ܤଶ ሻሿ

(22)

where the second term ȁܸ ȁଶ ܴሺܩଶ  ܤଶ ሻ represents the extra
power consumption due to the finite turn-on resistance while
the third term ȁܸ ȁଶ ܩሺሺͳ  ܴܩ ሻଶ  ܴଶ ܤଶ ሻ shows the
additional power consumption by the off-state leakage.
Consequently the power efficiency is written as
ߟൌ

ൌ

ܲ
ܲ

ܩ
Ǥ
ଶ
ଶ
ሻ
ܩ  ܴሺܩ   ܤ ܩሺሺͳ  ܴܩ ሻଶ  ܴଶ ܤଶ ሻ

(a)

(23)

Power back-off ܲ for a given outphasing angle ߶ is
obtained by comparing the output power ܲ with the maximum
output power when the outphasing angle is zero
ܲ ൌ
ൌ

ܲ
ܲ

ܩ
ଶ
ଶ
ଶሻ
ܩ  ܴሺܩ  ܤ ሻ  ܩሺሺͳ  ܴܩ ሻଶ  ܴଶ ܤ

(24)

where ܩ ൌ ʹ ܴ Τܼଶ and ܤ ൌ െሺܴ Τܼଶ ሻ ʹ߶ Ǥ
Fig. 15 shows the power efficiency ߟ and the output power
back-off ܲ of an outphasing Class-S transmitter using
non-ideal Class-D PAs with a leakage conductance of 7.4 ݉ܵ
and a finite turn-on resistance of 2.5 Ω, 5 Ω, 10 Ω, and 20 Ω. A
susceptance compensation angle of 75º is applied. The zero
power back-off point refers to an ideal case when all source
power is delivered to the load. The advantage of using Class-D
PAs with Chireix output phasing is that the Class-D PA is
insensitive to load modulation, which is shown in Fig. 15 with a
trend that the impact of susceptance compensation becomes
small for a low turn-on resistance R. Comparison with
measured results will be discussed with a prototype transmitter
in Section IV.
The average efficiency ߟҧ of a Class-S outphasing transmitter
with Class-D PAs for a modulated signal is obtained by
considering the output power and efficiency for each power
code that it transmits,
ߟҧ ൌ ߟ ሺͳ െ ܮ ሻ

σ ܲ ሺ߶ ሻ
σ ܲ ሺ߶ ሻ Ȁߟሺ߶ ሻ

(25)

where ߶ is an outphasing angle associated per power code, ܮ
is power combiner insertion loss, and ߟ is the average coding
efficiency, which is defined in [11]-[13], [37] as a ratio of the
amount of the transmit power in the band of interests to the total
transmit power. As discussed in Section II-E, in order to

(b)
Fig. 16. Prototype digital outphasing transmitter using 1-GHz
bandwidth GaN Class-D PAs and a Chireix power combiner with a
1-dB bandwidth of 1.8-GHz (a) simplified block diagram, (b)
photograph of the experimental setup for the prototype transmitter.

include the efficiency degradation due to the high-order
harmonics, the power efficiency for each power code ߟሺ߶ ሻ
should include the efficiency degradation factor Ƚ in Eq. (13).
The derivation of the average power efficiency as well as the
output power is in parallel with the power efficiency calculation
of a PA with a multi-level supply [41].
തതത in the bands of
The average transmit output power ܲ
interests is obtained as
തതത
ܲ ൌ ߟ ሺͳ െ ܮ ሻ  ܲ ሺ߶ ሻǤ

(26)



Unless PAs have infinite bandwidth, the coding efficiency ߟ
also depends on the PA characteristics as well as the statistical
property of the power codes in transmission.
IV. PROTOTYPE CONCURRENT DUAL-BAND DIGITAL
OUTPHASING TRANSMITTER WITH GAN CLASS-D PA
Fig. 16(a) shows the simplified block diagram of a digital
Class-S outphasing transmitter using two Class-D PAs in
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Fig. 17. Class-S digital outphasing transmitter circuit schematic, which consists of two GaN Class-D PAs and a Chireix power combiner. The
susceptance adjustment for the Chireix power combiner is realized by the difference in the transmission line length between LA and LB [36].

Fig. 18. Die photograph of the 250nm GaN Class-D power amplifier
(size 1.6 mm x 0.9 mm) [40].

Mitsubishi 0.25um GaN technology. The outputs from the two
GaN PAs are summed by a custom-designed Chireix power
combiner shown in Fig. 16(b). A concurrent dual-band LTE
signal is encoded into outphasing 2-level RFPWM signals
using the MDPC scheme 1 (Table I) and downloaded into
Tektronics AWG70000. The GaN Class-D PAs have a 3-dB
bandwidth of 1-GHz. Each GaN Class-D PA has two internal
pre-driver stages that are driven by two Hittite HMC870 driver
amplifiers. Considering the 1-GHz bandwidth of the GaN PAs,
240-MHz and 500-MHz carriers are chosen. LTE signal with
15-MHz aggregate channel bandwidth is transmitted, which
have a very high PAPR of 11.7 dB at the high-band and 11.0 dB
at the low-band. 2.15-GHz BPDSM sampling clock rate is
chosen as approximately 4 times higher than the highest carrier
frequency of 500 MHz. To simplify implementation, we used a
MDPC encoder sampling clock frequency of 8.6 GHz, which is
again 4 times higher than the BPDSM sampling clock rate. By
using an open-loop phase modulator, such as reported in [41],
the same 2.15-GHz sampling clock can be used with the MDPC
encoder in our prototype.
A. GaN Class-D Power Amplifier
Fig. 17 shows the circuit schematic of the GaN Class-D PAs
with the Chireix power combiner. The GaN Class-D PA (Fig.

Fig. 19. Measured output port return loss S22 and combining gain S21
of the Chireix power combiner.

18) is implemented using n-type depletion HEMTs only, based
on the design from [40] in order to achieve a high PAE.
Without p-type transistors, the gate-driver for the main pull-up
n-type transistor M1 needs to draw a large current in order to
fully turn off M1. The capacitor CB, which is pre-charged to
VDDH when M2 is on and the output voltage is low. In the very
next cycle, the output voltage goes high, which helps to turn on
M2 through the pre-charged capacitor CB. As the output voltage
goes up, CB increases the M3 source voltage higher than VDDH
so that M1 turns on without drawing a large current from VDDH
by making M3 off. The output port of the combiner has 50-ohm
characteristic impedance while the two input ports have
35-ohm characteristic impedance, which is matched to the
output of the GaN Class-D PAs. Fig. 19 shows that the
combiner 1-dB bandwidth is from DC to 1.8 GHz while the
3-dB bandwidth is up to 4.9 GHz.
Fig. 20 shows the output power, drain efficiency (DE), and
power added efficiency (PAE) of the GaN Class-D PA while
the supply voltage sweeps between 15 V and 35 V. 77% peak
DE and 67% peak PAE are achieved with 35.2-dBm output to a
50-ohm load. If an ideal Class-B PA is used to transmit the
dual-band LTE test signal, the overall PAPR of the dual-band
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Fig. 20. Measured drain efficiency (DE) and power-added efficiency
(PAE) of a single GaN Class-D PA under supply voltage variation
between 15 V and 35 V without power combining.

LTE signals is higher than 12 dB, which will decrease the 78%
peak PAE into a very poor average PAE of below 5%.
Concerning efficiency, the key advantage of outphasing
Class-S transmitter is not to increase the peak efficiency, but to
increase the average efficiency at the expense of the peak
efficiency.
B. Digital Outphasing Transmitter
Fig. 21 shows the output power, DE, and PAE of the
outphasing Class-S transmitter, which consists of the two GaN
Class-D PAs and a Chireix power combiner, with a fixed 35 V
supply voltage while varying the outphasing angles between
zero and 45 degrees. The prototype transmitter implements the
MDPC scheme 1 (Table I) where all power codes can be
transmitted with less than 45º outphasing angles. Note that
transmitter has 59% DE and 50% PAE, which is 17–18% lower
than the efficiencies before connecting the two Class-D PAs
using a Chireix power combiner. When the outphasing angle is
zero, the PA load impedance is designed to 35 ohm, which
increases to 70 ohm with 45-degree outphasing angle. The
susceptance adjustment to achieve high average efficiency is
realized by the difference in the length of the transmission lines
that connect the PAs to the combiner. This technique is
introduced in [36] for Class-E PAs, providing a convenient way
to precisely control the amount of susceptance compensation.
Simulated DE from the analysis results in Section III-D shows
good matching with the measured DE.
Fig. 22 shows the measured concurrent dual-band LTE
signal from the prototype digital outphasing transmitter.
-37-dBc ACPR is achieved with the 5-MHz bandwidth channel
at 244 MHz band while -30-dBc ACPR is achieved with the
10-MHz bandwidth channel at 500 MHz band. Compared to the
transmitter output spectrum without the GaN PAs (with driver
amplifiers only), there are 9-dB ACPR degradation in the low
band and 13-dB ACPR degradation in the high band.
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Fig. 21. Measured drain efficiency (DE) and power-added efficiency
(PAE) of the Class-S outphasing transmitter using two GaN Class-D
PAs with a fixed 35 V supply voltage and a Chireix power combiner
for outphasing angles between 0 and 45 degrees.

Table IV lists measured performance summary of the
prototype transmitter including other design/test parameters.
The outphasing transmitter has 59.0% peak DE and 50.2% peak
PAE with 38.0-dBm peak output power. The transmitter has
19.0% average DE and 14.8% average PAE with 27.1-dBm
average output power during concurrent dual-band LTE
transmission, which is approximately four times higher than the
5% average DE that we can expect with an ideal Class-B PA for
signals with 12-dB PAPR. The measured coding efficiency
with the dual-band LTE signal transmission is 35.4%. Although
modulated signal tests have not been performed on a single
Class-D PA, the average efficiency of the GaN Class-D PA for
concurrent dual-band LTE transmission can be estimated from
the measured coding efficiency of the related works [3],[5]. The
average DE/PAE of a single Class-D PA for dual-band LTE
transmission is expected to be less than 3% because the
measured coding efficiency with other related works is less
than 5% due to the excessive out-of-band noise from
oversampling. The GaN Class-D PA shows 77.2% measured
peak DE and 66.6% measured peak PAE with 35.2-dBm peak
output power. The fact that the 19.0% measured average DE
with the proposed transmitter is significantly higher than the
2-3% expected average DE with a single Class-D PA, confirms
that the coding efficiency improvement by the proposed
technique is significantly large enough to compensate for the
power combiner loss.
Table V compares this work with other state-of-the-art
concurrent multiband digital transmitters for inter-band carrier
aggregation. As studied in [37], [38], oversampling digital
transmitters based on delta-sigma modulation typically
provides poor coding efficiency below 10% due to out-of-band
noise. Although multilevel delta-sigma modulation for
multilevel digital PAs can improve the coding efficiency, more
than 3-5 levels are practically not possible due to hardware

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQES

14

TABLE IV
PROTOTYPE CONCURRENT DUAL-BAND DIGITAL OUTPHASING TRANSMITTER
DESIGN PARAMETERS AND MEASUREMENT SUMMARY

Low-band channel

244 MHz

High-band channel

500 MHz

Channel BW at low-band

5 MHz

Channel BW at high-band

10 MHz

Low-band test signal

LTE w/ 11.0 dB PAPR

High-band test signal

LTE w/ 11.7 dB PAPR

PA 3-dB bandwidth

1.0 GHz

Combiner 3-dB bandwidth

4.9 GHz

Driver amp low-band ACPR

-46 dBc

Driver amp high-band ACPR

-43 dBc

TX Low-band ACPR

-37 dBc

TX High-band ACPR

(a)

Baseband signal sampling rate
BPDSM sampling rate

2.15 GHz

MDPC sampling rate

8.6 GHz

# of BPDSM output levels
# of MDPC output levels
Coding efficiency
PA peak output power
PA peak efficiency
TX peak output power
TX peak efficiency
TX avg. output power
TX avg. efficiency

(b)
Fig. 22. Measured concurrent dual-band LTE transmission (a)
low-band with 5-MHz channel bandwidth at 240 MHz band, (b)
high-band with 10-MHz channel bandwidth at 500 MHz band.

complexity and increased parasitic capacitances. Experimental
[41] and simulation [37] studies show that coding efficiency
with 3-level delta-sigma modulation stays below 10% while
5-level modulation stays below 30%. Although the previous
work reported in [4] shows over 40% coding efficiency, since it
requires an 8-way parallel structure, the hardware complexity is
equivalent to a 6-level digital transmitter. The prototype digital
outphasing transmitter with GaN Class-D PAs achieves higher
than 30% coding efficiency because the outphasing virtually
increases the number of PWM signal levels. If the outphasing is
not applied, the prototype digital transmitter will be effectively
the same as a 3-level digital transmitter, which may not achieve
higher than 10% coding efficiency.
Concerning digital power consumption, one important
factor, which determines the digital power consumption, is the
digital sampling clock rate. Table V in Section IV-B shows the

-30 dBc
61.44 MHz

5
2
35.4 %
35.2 dBm
DE 77.2% / PAE 66.6%
38.0 dBm
DE 59.0% / PAE 50.2%
27.1 dBm
DE 19.0% / PAE 14.8%

digital sampling rate of related works. The most of the previous
works need a digital sampling clock rate approximately 4 times
higher than the highest carrier frequency. To simplify
implementation, we used a digital sampling clock frequency
approximately 16 times higher than the high-band channel
frequency. By using an open-loop phase modulator, such as
reported in [42], 4 times higher digital sampling rate will be
sufficient with our prototype. Therefore the power
consumption for the digital signal processing with the proposed
architecture is deemed comparable to the conventional digital
transmitters based on bandpass delta-sigma modulation. Digital
transmitters [21], [41] with a similar level of complexity and
performance for digital processing indicates that the power
consumption for the digital signal processing with the proposed
transmitter architecture can be justified with output power
larger than 100 mW.
It should be noted that using RFPWM with BPDSM in the
proposed architecture is not an overhead; RFPWM only
transmitters require PWM sampling rate more than 100 times
higher than the highest carrier frequency (50 GHz), which is not
practical to implement. A 3-level BPDSM only transmitter,
according to behavioral simulation, only 8.6% coding
efficiency is achieved with the same dual-band transmission.
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TABLE V
PERFORMANCE COMPARISON WITH STATE-OF-ART CONCURRENT MULTIBAND DIGITAL TRANSMITTERS FOR INTER-BAND CARRIER AGGREGATION
Ref. / Year

[2] / 2008

[3] / 2010

[4] / 2013

[5] / 2013

This work

This work

LPDSM
+ Digital
Up-conversion

BPDSM
+ Digital
Up-conversion

LPDSM
+ Digital
Up-conversion
+ Multipath

Multiband
BPDSM

Multiband
BPDSM
+ RFPWM
+ Outphasing

Multiband
BPDSM
+ RFPWM
+ Outphasing

Low-band Channel

300 MHz

800 MHz

781 MHz

800 MHz

856 MHz

244 MHz

High-band Channel

Digital TX Architecture

2500 MHz

2000 MHz

1250 MHz

1500 MHz

1450 MHz

500 MHz

Channel BW at Low-band

0.5 MHz

5 MHz

1.5 MHz

5 MHz

20 MHz

5 MHz

Channel BW at High-band

0.5 MHz

10 MHz

1.25 MHz

5 MHz

20 MHz

10 MHz

1 MHz

15 MHz

2.75 MHz

10 MHz

40 MHz

15 MHz

Low-band Test Signal

OFDM 16-QAM

QPSK

WiMAX

LTE

LTE

LTE

High-band Test Signal

OFDM 16-QAM

QPSK

64-QAM

LTE

LTE

LTE

Low-band PAPR

N/A

6 dB

7 dB

6.5 dB

11.7 dB

11.0 dB

High-band PAPR

N/A

6 dB

8 dB

6.5 dB

11.7 dB

11.7 dB

TX Low-band ACPR

-40 dBc

-50 dBc

-42 dBc

-50 dBc

-45 dBc

-37 dBc

TX High-band ACPR

-42 dBc

-50 dBc

-48 dBc

-48 dBc

-43 dBc

-30 dBc

Digital Sampling Rate

200 MHz

8 GHz

5 GHz

3.9 GHz

25 GHz

8.6 GHz

Aggregate Channel BW

# of Digital TX Output Levels

2

2

3

2

3

2

PA Included?

No

No

No

No

No

Yes

TX Output Filter Considered?

No

Yes

No

No

Yes

No

Measured TX Peak Output Power

N/A

N/A

N/A

N/A

N/A

38.0 dBm

Measured TX Avg. Output Power

N/A

N/A

N/A

N/A

N/A

27.1 dBm

Measured TX Coding Efficiency

< 10%

< 5%

46.3%

Measured TX Avg. Mod. Efficiency

N/A

N/A

V. CONCLUSION
A digital outphasing transmitter architecture is designed and
implemented for concurrent multiband transmission to support
high data rate applications. Digital outphasing increases the
effective number of RF PWM output levels, approximately
doubling the coding efficiency compared to the conventional
digital transmitters using the same Class-S PAs. A prototype
transmitter with 2-level bipolar RF PWM achieves coding
efficiency comparable to 5-level RF PWM transmitters by
digitally controlling the outphasing angle. By using a small
number of different outphasing angles, the PA mismatch
sensitivity is reduced. In the digital outphasing transmitters,
which exploit both PWM and outphasing, there are additional
degree-of-freedoms in RF envelope modulation. Digital
outphasing, therefore, needs to modulate the transmitter output
envelope only with a small dynamic range. These new features
allow the digital outphasing transmitter to use a Chireix power
combiner, which has high power combining efficiency but with
limited dynamic range.
The concept of multidimensional power coding (MDPC) is
introduced, which allows the digital transmitter designers to
explore the important design trade-off between the transmitter
linearity and coding efficiency. We discussed outphasing
2-level RFPWM as an example of linear but inefficient coding

N/A

< 5%
N/A

47.1%

35.4%

N/A

DE 19.0%
PAE 14.8%

scheme and outphasing 3-level RFPWM as the opposite case of
nonlinear but efficient coding scheme. As a proof-of-concept,
outphasing 2-level RFPWM is implemented in the prototype
digital outphasing transmitter. Further work on the baseband
digital predistortion, which considers both static and dynamic
nonlinearity of switching-mode PAs, will deploy the power
coding schemes that are nonlinear but has high coding
efficiency.
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