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ABSTRACT This paper presents a mobile communication transmitter architecture that exploits band-
limited pulse-width modulation (BL-PWM) combined with outphasing to eliminate aliasing and image
distortions. The proposed combined outphasing-aliasing free PWM transmitter (COAF-PWMT) shows very
high linearity and high power efficiency as it can use switch-mode power amplifiers (SMPAs) or linear power
amplifiers operating at peak power. The transmitter is implemented using two 130 nm CMOS class-D power
amplifiers and experimentally validated with both 1.5 MHz LTE signals and 10 MHz 5G NR signals at a
carrier frequency of 700MHz. Experimental results for the 1.5MHz LTE signal show that the COAF-PWMT
achieves an ACLR of 54.3 dBc and an average efficiency of 15.7%. The architecture improves ACLR
by 22.6 dB and power efficiency by 4.4% compared to the aliasing-free PWM transmitter (AF-PWMT).
It also provides a 14.3 dB ACLR and 2.2% efficiency boost over the Gibbs-phenomenon-reduced aliasing-
free PWM transmitter (GR-AFPWMT), and a 15.0 dB ACLR improvement over the modified aliasing-free
PWM transmitter (MAF-PWMT). Compared to the aliasing-compensated PWM transmitter (AC-PWMT),
the COAF-PWMT increases ACLR by 19.5 dB with similar efficiency. For the 10 MHz 5G NR signal, the
COAF-PWMT reaches an ACLR of 42 dB, which is 6 dB better than the GR-AFPWMT, and improves
efficiency by 1.6%. These results show the COAF-PWMT’s promise for highly linear and efficient RF
transmitter design in future wireless systems.

INDEX TERMS Carrier-based PWM, aliasing distortion, image distortion, aliasing-free PWM, linear PA,
switched-mode PA (SMPA), outphasing.

I. INTRODUCTION
Modern wireless portable devices need to satisfy user
demands for high data throughput, extended battery
operation, and compact electronic integration. High data
throughput is achieved via communication protocols, such as
4G LTE, 5G New Radio (NR), and WLAN, which employ
sophisticated modulation schemes leading to high peak-
to-average power ratio (PAPR), which leads to reduced
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efficiency, and requirements of highly linear output power
amplifiers (PAs). Extended battery operation demands PAs
with good ability to convert DC battery power to RF transmit
power (high power efficiency), since the PA utilizes a
substantial portion of the battery energy when transmitting
signals.

To reduce the burden on the radio and PA design as well
on the battery, most mobile communication standards employ
asymmetric links, where uplink capacity is significantly
lower than the downlink capacity, studied in this paper,
resulting in modulation schemes with lower PAPR and less
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requirements on linearity-related properties, such as ACLR
(adjacent channel leakage ratio, out-of-band, also ACPR,
adjacent channel power ratio).

Still, achieving high linearity with high efficiency is one
of the most challenging tasks in transmitter and amplifier
design [1]. Although linear-mode PAs—operating in classes
such as A, AB, B—can amplify non-constant envelope
signals with great linearity, their peak efficiency are limited
and the efficiency decreases as the signal is reduced from
peak power. Switch-mode PAs (SMPA)—operating in classes
such as D and E—use transistors as switches and are
inherently highly-efficient since neither I-V overlap nor
power loss ideally occurs during the switching process.
Nevertheless, the SMPA constraint is their inability to
amplify variable-envelope signals.

To deal with this conflict of efficiency vs. linearity,
transmitter architectures have been developed over the years
to amplify non-constant envelope signals with high linearity
and high efficiency, using either linear PAs operating close to
or beyond their saturation point or SMPAs. To put it simple:
the transmitter up to the PA will provide the linearity; the PA
the efficiency.

A. LINEARITY IN MULTI-CHANNEL COMMUNICATION
SYSTEMS
Linearity in multi-channel communication systems, such as
4G and 5Gmobile communication, is usually regulated in the
standards as ACLR, the ratio of the transmitted power in the
assigned channel to the power received in the adjacent radio
channel after a receive filter. Nonlinearities in the transmitter,
resulting in high intermodulation products, will appear in
the adjacent radio channels. ACLR is important because if a
system transmits too much power into the adjacent channels,
it can cause interference with the other systems operating
in those frequency bands, which can make it difficult or
impossible for them to operate properly. Another linerity
measure is EVM (error-vector magnitude, in-band), which is
the root-mean-square (RMS) of the vector difference between
received IQ samples and their ideal constellation points,
normalized to the signal amplitude. Also specified in the
mobile communication standards, the EVM requirements are
usually easier to fulfill compared to ACLR.

Modern transmitter architectures are often based on
quantization modulation, which is a technique for converting
continuous signals into discrete levels. This has implications
on the linearity, such as dynamic range [2], aliasing
distortion [2], image distortion [3], quantization noise, phase
errors [4], and the pulse swallowing effect [5].
Dynamic range (DR) is defined as the distance between

the average power of the desired signal and the power
of the surrounding distortion, and depends on the spectral
characteristics of the transmitter output signal. DR may
be limited due to errors in the amplitude caused by e.g.
the maximum switching frequency of the PA [5]. Aliasing
distortion occurs when a signal is sampled at a rate too
low to accurately represent its original form, resulting

in misrepresentation of high-frequency components. Image
distortion appears when a baseband signal—e.g. the ideal
pulse-width modulation (PWM) signal has infinite spectral
properties—is modulated to a passband. The image problem
significantly degrades the signal-to-noise ratio (SNR) and
the DR of the modulated output signal. Quantization noise
is introduced whenever a continuous-amplitude value is
forced onto a discrete grid of levels. Phase errors are
caused by the limited resolution of the phase modulator. The
pulse swallowing effect represents a fundamental trade-off
in digital frequency synthesis between achieving precise
fractional frequency ratios and maintaining signal purity.
In RF transmitters, it occurs when the driving stages are not
able to change the voltage on the PA output stage within the
pulse duration.

B. HIGH-LINEARITY HIGH-EFFICIENCY TRANSMITTER
ARCHITECTURES FOR SMPA
Popular transmitter architectures that provide good com-
promise between linearity and efficiency, and that can use
SMPAs, are envelope tracking (ET) [6], load modulation [7],
outphasing [8], [9], delta-sigma modulation (DSM) [10],
[11], and pulse-widthmodulation (PWM) [5], [12], [13], [14].
ET can be used with both linear PAs [15] and SMPAs [16].

The envelope part of the signal changes the supply voltage
of the PA to vary the amplitude of the output signal. Disad-
vantages are small dynamic range and reduced efficiency for
wide-bandwidth signals.
Load modulation generates a varying output amplitude

signal by modulating the load impedance of the PA. Load
modulation has a lower average efficiency for non-constant
envelope-modulated signals [12]. The well-known Doherty
PA [17] employs load modulation but not SMPAs.
Outphasing use two phase-modulated constant-envelope

signals, which are then amplified by individual linear PAs or
SMPAs and combined. The critical part is the combiner: an
isolated combiner (Wilkinson combiner [18]) leads to a lower
average efficiency due to combiner losses; a non-isolated
combiner (Chireix combiner [19]) may lead to signal
corruption. In CMOS implementations,Wilkinson combiners
are typically realized using lumped elements (inductors and
capacitors) [20] rather than distributed transmission lines
due to area constraints. Non-isolated combiners often use
reactive elements (inductors and capacitors) to compensate
for the phase relationships and optimize efficiency. The
load trajectories change dynamically based on the input
phase differences, making these designs more complex but
potentially more efficient. Non-isolated combiners typically
are much more area-efficient for on-chip design [21].
DSM converts varying-envelope input signals into

constant-envelope output signals, which is ideal for driving
SMPAs. However, a very high oversampling rate to maintain
in-band linearity and effectively suppress noise is required.
As a result, DSM-based systems face significant hardware
demands and elevated clock frequency requirements, which
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pose challenges for their implementation in digital transmit-
ters.
PWM RF transmitters, the focus in this article, have

become increasingly important to achieve high efficiency
and enable all-digital transmitter designs. These transmitters
offer an efficient, flexible architecture for modern wireless
systems, using digital technology to meet the stringent power,
integration, and multi-standard requirements of today’s
communication.

The most common types of PWM-based wireless transmit-
ters are the radio-frequency pulse-width modulated transmit-
ters (RF-PWMT) [5], [22] and the polar PWM transmitters
(PPWMT) [13], [23], [24].

RF-PWMT varies the amplitude of the transmitted signal
by changing the duty cycle of the input pulse train with
a pulse-repetition frequency (PRF) equal to the transmit
frequency. The disadvantage of the RF-PWMT is small
dynamic range and poor amplitude resolution [5].
In the PPWMT, the duty-cycle of a pulse train at an

intermediate frequency (IF) is varied based on the envelope
of the baseband signal. The PWM pulse train is then mixed
with a phase-modulated carrier to generate a carrier-based
PWM (CPWM) signal. This signal is amplified by a PA
(linear or SMPA), and then filtered to generate the transmitted
signal [4]. The disadvantages of the PPWMT are strict filter
requirements [25] and image distortion [3]. The pulse-width
modulator can be implemented as an analog or digital block,
the latter offering greater flexibility and smaller chip area, but
also additional aliasing distortion [2].
To reduce the distortion problem of the PPWMT, many

different architectures have been proposed:

• Exploiting Image Gap-PPWMT (EIG-PPWMT) [3]
eliminates the image distortion but can only use linear
PAs and requires strict band-pass filtering.

• Elimination of Image Distortion-PPWMT (EID-
PPWMT) [3] eliminates the image distortion, can use
a linear PA or an SMPA, at the cost of a higher
quantization noise and lower amplitude resolution.

• The aliasing-compensated PWM transmitter (AC-
PWMT) [26] mitigates both aliasing and image
distortion by quantizing the baseband amplitude in
accordance with the sampling and carrier frequencies.
Additionally, outphasing [26], [27] is employed to
reduce errors introduced by quantization. Nevertheless,
the ACLR performance remains limited due to residual
out-of-band imaging and aliasing distortion.

• Aliasing Free PWM transmitter (AF-PWMT) [2] use
finite harmonics PWM to eliminate image and aliasing
distortions. This results in higher amplitude resolution
and spectral performance. However, the AF-PWMT
does not allow an SMPA or a linear PA to operate at their
peak power and maximum efficiency [26], [27].

• A further development, the Direct Digital Synthesis
AF-PWMT transmitter (DDSAPT) [28], [29], generates
signals using direct digital synthesis (DDS) at a high

FIGURE 1. (a) The BL-PWM after being multiplied by a carrier, (b) out
phasing carrier v1(t), (c) out phasing carrier v2(t).

sampling rate. This technique allows for amplification
at the power amplifier’s peak output without significant
degradation in spectral characteristics, and also supports
the use of lower-bit DACs. Nonetheless, DDSAPT does
not support SMPA operation.

• The Gibbs-Phenomenon-Reduced PWM transmitter
(GP-PWMT) [30] employs a dedicated filter on
finite-harmonic PWM tomitigate Gibbs ripple, enabling
the use of nonlinear power amplifiers without sig-
nificantly compromising spectral performance [30].
A modified variant, the DDS-based GP-PWMT (DDS-
GPT) [31], utilizes direct digital synthesis to further
support highly nonlinear power amplifiers. However,
true SMPA operation remains unattainable with this
approach. Furthermore, both GP-PWMT and its variants
require digital-to-analog converters (DACs), precluding
fully digital implementation.

• The Modified Aliasing-free PWM transmitter (MAF-
PWMT) [32] combines the benefits of the AF-PWMT
and RFPWMT, resulting in an image and aliasing-free
two-level modulated signal that can be amplified by a
true SMPA. This allows easy implementation in modern
CMOS technology. However, its spectral performance is
limited due to the pulse swallowing effect.

C. CONTRIBUTION OF THIS PAPER
In this paper, a new linear and power-efficient transmitter
based on the AF-PWMT is proposed. This is achieved by
combining outphasing and AF-PWM to a new transmitter
architecture, the Combined Outphasing Aliasing-Free PWM
transmitter (COAF-PWMT), which eliminates aliasing and
imaging distortion while allowing the usage of SMPAs.
In addition, the proposed transmitter has better spectral
performance as it does not suffer from the pulse swallowing
effect. An all-digital implementation of the proposed trans-
mitter is also discussed.
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FIGURE 2. COAF-PPWMT block diagram.

The organization of this paper is as follows. In Section II
the concept and analog implementation of the COAF-PWMT
are discussed, in Section III digital transmitted implemen-
tation, and in Section IV the theoretical efficiency of the
COAF-PWMT. Simulations are used to study the concept and
performance in Section V, while in Section VI, measurement
results are presented and discussed. Section VII concludes
this paper.

II. COMBINED OUTPHASING ALIASING-FREE POLAR
PWM TRANSMITTER
In this section, the concept is developed and motivated, then
the architecture is discussed.

A. CONCEPT
To address the limitations of conventional PPWMT and
AF-PWMT designs as discussed in section I-B, a transmitter
architecture has been developed that first converts the
amplitude component of the input signal into a band-limited
pulse-width modulation (BL-PWM) signal. The BL-PWM
waveform exhibits a finite number of harmonics, resulting in
a confined bandwidth that effectively eliminates aliasing and
imaging effects, thereby enhancing both in-band and out-of-
band spectral performance, which is themajor advantage over
PWM transmitters.

However, the BL-PWM signal is not strictly two-level;
it contains ripples at both high and low levels, with the
magnitude of these ripples increasing as the harmonic count
is reduced. When this BL-PWM signal is up-converted
using a phase-modulated carrier, the resulting transmit signal
possesses a non-constant envelope, making it unsuitable for
amplification by SMPAs or linear PAs operating at peak
efficiency. The up-converted BL-PWM signal is shown in
Fig. 1(a). Furthermore, a digital implementation of this
transmitter is not feasible, requiring a high-resolution digital-
to-analog converter (DAC).

To overcome these challenges, the proposed architecture
transforms the BL-PWM signal into two out-of-phase,
constant-envelope carrier signals that can be efficiently
amplified by SMPAs. The out of phase carriers are shown in

Fig. 1(b) and Fig 1(c). The PAs outputs are then combined
and filtered to produce the desired transmit signal. The
transmitter—up to the combiner— allows an all digital
implementation. These are the advantages of the proposed
technique over AF-PWMT.

B. BLOCK-LEVEL ARCHITECTURE
The proposed Combined Outphasing Aliasing-Free PWM
transmitter (COAF-PWMT), shown in Fig. 2, first converts
the baseband IQ signal, I (nTs) and Q(nTs), into amplitude
a(nTs) and phase φ(nTs) signals, where nTs is the nth sample
of the input signal with sampling frequency Ts. This is done
using a CORDIC (Coordinate Rotation Digital Computer)
algorithm, which provides a method to convert IQ samples
from Cartesian coordinates to polar coordinates. This is
particularly valuable in digital signal processing, enabling
power efficiency, multiplier-less implementation suitable for
ASIC-based transmitter [33], [34].

A BL-PWM signal is generated by the amplitude com-
ponent using a modified pulse-width modulator of the
AF-PWMT [35]:

xBL_PWM (nTs) =
τ (nTs)
T

+

K∑
k=1

2
kπ

sin
(
kπτ (nTs)

T

)
cos

(
ωpknTs

)
,

(1)

where nTs is the nth sample of the input signal with sampling
frequency Ts, k is the harmonic number of the BL-PWM
signal, K is the total harmonic count of the BL-PWM signal,
T is the pulse repetition period of BL-PWM signal, and
ωp is the frequency of the BL-PWM signal. Finally, τ is
the pulse-width of BL-PWM signal, and its relation to the
baseband amplitude is given as

τ (nTs) = a(nTs)T . (2)

The BL-PWM signal has finite harmonic components
which lead to elimination of image and aliasing distortion.

The steps for the generation of the outphasing carriers in
the COAF-PWMTare as follows. An outphasing angle θ (nTs)
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is first generated:

θ (nTs) = cos−1 (xBL−PWM (nTs)) , (3)

where the amplitude of the xBL−PWM signal is normalized to
unity by scaling with its maximum value, thereby ensuring
that the argument of the inverse cosine function remains
within the valid range and avoiding any numerical instability.

The composite outphasing angles, ψ1(nTs) and ψ2(nTs),
are then generated by separately adding and subtracting the
phase component φ(nTs) and outphasing angle θ (nTs). These
composite outphasing angles further modulate the phase of
the carrier to generate a pair of constant envelope outphasing
carriers given as

v1(t) = cos (ωct + φ(t) + θ(t)) , (4a)

v2(t) = cos (ωct + φ(t) − θ(t)) , (4b)

where ωc is the carrier frequency.
To use quadrature amplitude modulators for the phase

modulation, the composite outphasing signals, ψ1(nTs)
and ψ2(nTs), are decomposed into their in-phase (I ) and
quadrature (Q) components, which are converted to analog
signals using digital-to-analog converters (DACs). These
analog signals are expressed as

v1I = cos (ψ1(t)) = cos (φ(t) + θ (t)) , (5a)

v1Q = sin (ψ1(t)) = sin (φ(t) + θ (t)) , (5b)

v2I = cos (ψ2(t)) = cos (φ(t) − θ (t)) , (5c)

v2Q = sin (ψ2(t)) = sin (φ(t) − θ (t)) . (5d)

The signals v1I and v1Q are multiplied by the in-phase
and quadrature carriers to generate the up-converted signals
v1IRF and v1QRF , which then are subtracted to generate an
outphasing carrier v1, given in (4a). The v1IRF and v1QRF are
expressed as

v1IRF = cos (φ(t) + θ (t)) cos(ωct), (6a)

v1QRF = sin (φ(t) + θ(t)) sin(ωct). (6b)

Similarly, the second outphasing carrier v2, given in (4b),
is generated by subtracting the up-converted signals v2IRF ,
generated by multiplication of v2I with the in-phase carrier,
and v2QRF , generated by multiplication of v2Q with the
quadrature carrier. The v2IRF and v2QRF are given as

v2IRF = cos (φ(t) − θ (t)) cos(ωct), (7a)

v2QRF = sin (φ(t) − θ (t)) sin(ωct). (7b)

v1(t) and v2(t) can be amplified by either a pair of linear
PAs or SMPAs, where (8a) and (8b) represent the amplified
outputs in case of linear PAs, and (9a) and (9b) in case of
SMPAs.

v1(t) = A× cos (ωct + φ(t) + θ (t)) , (8a)

v2(t) = A× cos (ωct + φ(t) − θ (t)) , (8b)

v1_SMPA(t) =
A
2

+

∞∑
l=1

(−1)l+1A
(2l − 1)

cos ((2l − 1) (ωct + φ(t) + θ (t))) , (9a)

v2_SMPA(t) =
A
2

+

∞∑
l=1

(−1)l+1A
(2l − 1)

cos ((2l − 1) (ωct + φ(t) − θ (t))) , (9b)

whereA is the amplitude and (2l−1) is the harmonics number
of the signal at the SMPA output.

(9a) and (9b) represent the Fourier series expansions of
two pulse-position modulated (PPM) signals with a constant
50% duty cycle, where the timing of the pulses is controlled
by the phase component φ(t) and the outphasing angle
θ (t). In this architecture, the two pulse trains are combined
to synthesize an amplitude-modulated carrier by utilizing
the phase difference between them, which is a significant
advantage of this approach as both pulse train maintain a
fixed 50% duty cycle while passing through SMPAs. This
ensures no pulse swallowing, unlike RF-PWM where the
output amplitude is dictated by the pulse width, which often
results in narrow pulses that may be swallowed by the SMPA.

The combined amplified upconverted BL-PWM signal,
given as (10), as shown at the bottom of the next page, for
linear PAs and (11), as shown at the bottom of the next page,
for SMPAs, is generated by adding the amplified signals
given in (8) and (9), respectively, for the case of linear PAs
and SMPAs.

In (10) and (11), the first term is our desired amplified
transmit signal, and the remaining terms are undesired
distortions. Filtering the undesired distortion will result in the
amplified transmit signal, which is given as

vT (t) = 2A× a(t) sin (ωct + φ(t)) . (12)

The resulting output signal from the COAF-PWMT is
image- and aliasing-free while offering the flexibility of using
either a pair of linear PAs operating at peak efficiency or
SMPAs, but needs a combiner, hence requiring a larger chip
area.

III. DIGITAL IMPLEMENTATION
Fig. 3 shows a possible digital implementation of the pro-
posed transmitter architecture. Themain difference compared
to the analog implementation in Fig. 2 is that the analog
quadrature-based phase modulators (in the middle of the
analog architecture) are replaced with delay line-based phase
modulators.

An N -stage asynchronous delay line, shown in Fig. 3(b),
is used as the digital phase modulator. The input signal, C
(connected to the carrier ωc), undergoes an N -unit delay. P
(connected to ψ1,2(nTs)) is used to select the required part of
the N -unit delayed carrier signal, which will be the output,O,
of the phase modulator.
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FIGURE 3. (a) COAF-PPWMT digital implementation, (b) delay line [24].

The phase-modulated carriers are then amplified by two
SMPAs and finally combined and filtered to generate the
transmit signal.

IV. EFFICIENCY
The major power losses in the transmitter are dominated by
the PAs and the passive circuits following it, which can be
represented as the ratio of the transmitted RF signal power
to the DC power consumed by the PAs [26], [36], [37], [38],
[39]. The COAF-PWMT efficiency for a constant input signal
x(nTs) = A, is given as

ηCOAF (A) = ηPA(A)ηcomb(A)ηC (A), (13)

where ηPA denotes the efficiency of the PA, ηcomb denotes
the efficiency of the combiner, and ηC denotes the coding
efficiency. The PAs in the COAF-PWMT are operated at their
peak power and peak efficiency for all input signals, hence,

ηPA(A) = ηPA_Peak . (14)

If a linear class-B PA is used, the maximum theoretical
efficiency is 78.5%, while for a class-D SMPA, it is 100%.

For a non-isolated combiner like a transformer, the
efficiency is given as

ηcomb = 1. (15)

However, in case of an isolated Wilkinson combiner, the
efficiency for outphasing carriers with a constant outphasing
angle θ is given as [39]:

ηcomb = cos2(θ ). (16)

The COAF-PWMT translates the constant amplitude A to an
amplitude-varying BL-PWM signal with a period T . Hence,
to determine the average combiner efficiency of purposed
architecture, we take the average value of (3) over the period
T and put it in (16), which is given as (17), as shown at the
bottom of the next page.

The coding efficiency ηC denotes the amount of the
reflected power absorbed in an isolator [36], [40]. In the
COAF-PMWT, it is the ratio of the transmitted signal power
to the signal at the output of the combiner (i.e. the amplified

vcomb(t) = 2A

[
τ (t)
T

+

K∑
k=1

2
kπ

sin
(
kπτ (t)
T

)
cos

(
ωpkt

)]
cos (ωct + φ(t)) (10)

vcomb_SMPA(t) = A+
2A
π

[
τ (t)
T

+

K∑
k=1

2
kπ

sin
(
kπτ (t)
T

)
cos

(
ωpkt

)]
cos (ωct + φ(t))

+

∞∑
l=2

(−1)l+12A
(2l − 1)π

cos
[
(2l − 1) cos−1 (θ (t))

]
× cos [(2l − 1)( ωct + φ(t) )] (11)
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up-converted BL-PWM signal power), given as [38], [41]:

ηC (A,K ) =
1

1 + 2
∑K

k=1 sinc
2(kA)

A ϵ (0, 1). (18)

In case of an isolated combiner, the total power efficiency
of the COAF-PWMT is obtained by substituting (14), (15),
and (18) into (13),

ηC (A,K ) =
ηPA_Peak

1 + 2
∑K

k=1 sinc
2(kA)

A ϵ (0, 1). (19)

In case of aWilkinson combiner, the total power efficiency
is obtained by substituting (14), (17), and (18) into (13),
resulting in (20), as shown at the bottom of the next page.
For a varying input signal, having a known a power density

function (PDF), the average efficiency can be defined as the
ratio of the average transmitted signal power to the average
dc power consumed by the PAs [38], which is given as

ηCOAF (x(t)) =

∫ 1
0 A

2fA(A)dA∫ 1
0

A2
ηCOAF (A)

fA(A)dA
, (21)

where x(t) denotes the input signal having a magnitude
distribution given by fA(A) and ηCOAF (x(t)) denotes the
average efficiency of the COAF-PWMT for the input signal
x(t).

Lastly, Fig. 4 compares the theoretical instantaneous
efficiency of the COAF-PWMT with a Wilkinson combiner,
AF-PWMT, and COAF-PWMTwith a transformer combiner,
where the COAF-PWMT use SMPAs as it generates a
constant envelope signal. However, the AF-PWMT has a
non-constant envelope signal hence can only use linear
amplifier, Class-B in this case. The figure shows the
normalized instantaneous efficiency of all three schemes
versus their respective normalized output power. From the
figure, it is observed that the COAF-PWMT scheme, using
either type of combiners, gives better efficiency throughout
the output power range compares to the AF-PWMT. The
efficiency reduction with the decrease in output power for
the COAF-PWMT using a transformer combiner is primarily
due to power loss in the isolator caused by the harmonics of
the BL-PWM signal. For the COAF-PWMTwith aWilkinson
combiner, the efficiency reduction is due to outphasing losses
in the combiner and isolator losses caused by the BL-PWM
harmonics.

V. SIMULATION
The performance of the COAF-PWMT architecture was
simulated with a 20 MHz bandwidth 5G NR baseband signal
with a PAPR of 12 dB. Initially, the amplitude and phase
linearity characteristics of the COAF-PWMT architecture
were examined. Subsequently, the effects of baseband signal

sampling and BL-PWM signal sampling on key transmitter
performance metrics, including adjacent channel leakage
ratio (ACLR), error vector magnitude (EVM), and power
efficiency, were analyzed.

Fig. 5 presents the normalized output amplitude of the
COAF-PWMT architecture as a function of input signal
amplitude and phase. The transmitter demonstrates a consis-
tent linear response across the full range of input amplitude
and phase variations, confirming the amplitude linearity of
the COAF-PWMT architecture.

Fig. 6 displays the scatter plot of output phase variation
relative to input signal amplitude and phase. At lower
input amplitudes, higher phase deviations are observed, with
a maximum phase variation of 3.2◦, which decreases to
approximately 0.2◦ at a normalized input amplitude of 0.02 V.
As the input amplitude increases further, the phase variation
continues to decrease and approaches 0◦. These results
indicate that the transmitter exhibits near-linear output phase
characteristics above a normalized input amplitude of 0.02 V.

Fig. 7 illustrates the impact of baseband sampling rate on
the output performance of the COAF-PWMT architecture
for ACLR, EVM, and power efficiency. Increasing the
baseband sampling rate from 2 to 8 times the baseband signal
bandwidth results in substantial improvements in both ACLR
and EVM, as shown in Fig. 7(a) and 7(b). In contrast, power
efficiency remains nearly constant at approximately 7.6%,
with only a minor variations as the baseband sampling rate
increases.

Fig. 8 illustrates the impact of BL-PWM sampling
frequency on the output performance of the COAF-PWMT
architecture for ACLR, EVM, and power efficiency, with
the baseband sampling rate fixed at eight times the signal
bandwidth. As the BL-PWM sampling rate increases, both
ACLR and EVM show noticeable improvement. However,
the incremental benefits taper off beyond sampling rate of
sixteen times, as demonstrated in Fig. 8(a) and 8(b). The
power efficiency remains approximately constant at 7.6%
across oversampling ratios from 4 to 32. Notably, at an
oversampling ratio of 2, efficiency increases to 7.9%, albeit
at the expense of ACLR, which degrades to 42 dB. This
degradation results from the removal of high-frequency, low-
amplitude ripple, which improves PA efficiency but reduces
spectral containment.

VI. RESULTS
The COAF-PWMT architecture according to Fig. 2 was
implemented using Matlab and Keysight ADS. A block
diagram of the lab demonstrator setup is shown in Fig. 9,
and a lab photo in Fig. 10. The resulting signals ψ1(nTs)
and ψ2(nTs) were input to two R&S SMBV 100 VSGs

ηcomb(A) = cos2
(
1
T

∫ T

0
cos−1

[
A+

K∑
k=0

2
kπ

sin(kπA) cos(ωpt)

]
dt

)
(17)

45682 VOLUME 14, 2026



M. F. Ul Haque et al.: Combined Aliasing-Free Outphasing Transmitter

FIGURE 4. Theoretical instantaneous efficiency of the COAF-PWMT with a
Wilkinson combiner, AF-PWMT, and COAF-PWMT with a transformer
combiner.

FIGURE 5. Simulated amplitude linearity plot of the COAF-PWMT.

FIGURE 6. Simulated phase linearity plot of the COAF-PWMT.

(vector signal generator), which use DACs and quadrature
modulation to generate the phase-modulated carriers, which
then are amplified by class-D PAs. The two signals were

FIGURE 7. Effect of baseband sampling rate on COAF-PWMT performance
metrics: (a) ACLR, (b) EVM, and (c) power efficiency.

FIGURE 8. Effect of BL-PWM sampling rate on COAF-PWMT performance
metrics: (a) ACLR, (b) EVM, and (c) power efficiency.

finally combined using an off-chip Wilkinson combiner to
generate the peak power of 25 dBm and input to the spectrum

ηCOAF (A) = ηPA_Peak × cos2
(
1
T

∫ T

0
cos−1

[
A+

K∑
k=0

2
kπ

sin(kπA) cos(ωpt)

]
dt

)
×

[
1

1 + 2
∑K

k=1 sinc
2(kA)

]
A ϵ (0, 1)

(20)
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FIGURE 9. Block diagram of the measurement setup.

FIGURE 10. Lab measurement setup.

FIGURE 11. Schematic diagram of the class-D PA.

TABLE 1. Transistor gate widths in µm of the output stage and stages in
the driver inverter chain.

analyzer after attenuation. The experimental performance of
the proposed COAF-PWMT transmitter was evaluated using
1.4 MHz LTE uplink and 10 MHz 5G-NR modulated signals,
(bandwidth limited by VSG sampling rate constraints). The

FIGURE 12. Chip micrograph. The size of the chip is 2 × 1 mm2. The two
class-D PAs, consisting of inverter chains as shown in Fig. 11, are marked
with green boxes, with areas of 0.3 mm2 for each PA.

FIGURE 13. Measured amplitude linearity plots of the AF-PWMT and the
proposed COAF-PWMT.

transmitter average output power was 19.3 dBm for the LTE
signal and 13.1 dBm for the 5G-NR signal.

The primary contributors to uncertainty in the measure-
ments are as follows: (i) phase mismatch between the two
signal paths, caused by synchronization mismatch of the
VSGs or unequal RF path lengths, mitigated by applying
calibrated phase offsets at the VSG output; (ii) mechanical
variability of SMA connections, where improper tightening
can introduce intermittent impedance discontinuities and
insertion-loss variation, reduced by proper fastening; (iii)
instrument-related uncertainty due to finite precision and
calibration accuracy of the RF spectrum analyzer. Tomaintain
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TABLE 2. Performance comparison between different transmitter architectures at 700 MHz carrier frequency.

FIGURE 14. Measured spectrum at the output of AF-PWMT and
COAF-PPWMT for an 1.4 MHz LTE UL signal.

consistency, RF quantities were reported with restricted
precision (one decimal place), and measurement were
performed using recently calibrated instrument.

The 130 nm CMOS class-D PAs, using thick-oxide
transistors operating at 2.5 V, were implemented using
cascaded driver inverter chains. The schematic is shown in
Fig. 11, with the gate widths of the cascaded inverters in
Table 1, and chip photo in Fig. 12. The matching network
of the output stage was an L-type implementation on a PCB,
utilizing a strip line and a discrete capacitor. A measurement
of the class-D PAwith an unmodulated 700MHz input signal
showed a peak output power of 22 dBm, peak efficiency of
34%, and gain of 21 dB.

The amplitude linearity (AM-AM) comparison of
COAF-PWMT and AF-PWMT is shown in Fig. 13, where
normalized amplitude of the transmitter output (i.e. after
band-pass filtering) is plotted against the normalized input
amplitude (base band amplitude). The AF-PWMT exhibits a
quasi-linear behavior, which is due to the AM-AM distortion
of the PA. Instead, the COAF-PWMT exhibits a linear
characteristic as it does not suffer from AM-AM and aliasing
distortion.

The normalized output spectra for the 1.4MHzLTEUplink
test signal at 700 MHz for both the COAF-PWMT and

AF-PWMT at a modulated output power of 19.9 dBm is
shown in Fig. 14. It is observed that the COAF-PWMT
exhibits a lower noise floor and higher dynamic range as com-
pared to the AF-PWMT transmitter architecture. The reason
for spectral performance degradation is due to the AM-AM
distortion.

Table 2 presents a comparison of the measured results of
the proposed transmitter with AF-PWMT [2], AC-PWMT
[26], MAF-PWMT [32]. and GF-AFPWMT [31]. For uni-
form benchmarking, all transmitter architectures—including
AF-PWMT and GR-AFPWMT were implemented in Matlab
and evaluated using 130-nm CMOS PAs at 700 MHz.
For the 1.4 MHz LTE signal, the proposed COAF-PWMT
achieves ACLR improvements of 22.6 dB, 19.5 dB and
15.0 dB over the AF-PWMT, AC-PWMT, MAF-PWMT,
and GR-AFPWMT, respectively, while for the 10 MHz
5G-NR signal a 6 dB ACLR enhancement is obtained
relative to the GR-AFPWMT. These linearity improvements
result from the absence of AM–AM distortion, out-of-
band image artifacts, and pulse-swallowing effects. In terms
of efficiency, the proposed transmitter provides 4.4% and
2.2% higher efficiency than AF-PWMT and GR-AFPWMT,
respectively, for the LTE signal, and a further 1.6% improve-
ment over GR-AFPWMT for the 5G-NR waveform. This
enhanced efficiency is attributed to the use of a SMPA.
Compared to AC-PWMT and MAF-PWMT, the proposed
design offers significantly better spectral performance while
maintaining comparable efficiency. The EVM results also
show a consistent trend, reflecting the expected correlation
between improved in-band (EVM) and out-of-band (ACLR)
linearity.

Table 2 also indicates that the ACLR of the COAF-PWMT
decreases for the 10 MHz 5G-NR signal compared to the
1.4 MHz LTE signal. This reduction is primarily attributed to
the lower sampling rates of both the baseband and BL-PWM
signals, which are limited by the measurement setup, and is
consistent with the simulation results in Section V. Further-
more, the average efficiency of the COAF-PWMTdrops from
15.7% for the 1.4 MHz LTE signal to 5.9% for the 10 MHz
5G-NR signal. This decline in efficiency corresponds to an
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increase in PAPR from 5.5 dB for the LTE waveform to
12 dB for the 5G-NR waveform, in line with Fig. 4, which
demonstrates that efficiency diminishes at higher back-off
power levels. Back-off efficiency can potentially be enhanced
through the use of hybrid combiners [42], Chireix combiners
with pre-distortion [43], or multilevel outphasing combined
with a Wilkinson combiner, where the multilevel signal is
generated using RF-PWM [9], [44].

VII. SUMMARY AND CONCLUSION
Modern wireless devices push designers to reconcile
stringent linearity with the need for high energy effi-
ciency. In this paper, we propose and demonstrate a
new transmitter architecture, the Combined Outphasing
Aliasing-Free Pulse-Width Modulated Transmitter (COAF-
PWMT), which addresses how to achieve the stringent
linearity requirements of mobile communication standards
with the need for high power efficiency. The trans-
mitter merges band-limited PWM (BL-PWM) with an
outphasing architecture, thereby eliminating aliasing and
image distortion while using SMPA operation at peak
efficiency.

The transmitter separates the baseband signal into ampli-
tude and phase components using a CORDIC engine, con-
verts the envelope into a band-limited PWM waveform, and
subsequently decomposes the up-converted BL-PWM into
two constant-envelope outphasing carriers for amplification
by SMPAs.

A prototype of COAF-PWMT was implemented with two
130 nm CMOS Class-D power amplifiers and experimentally
evaluated with both a 1.5 MHz LTE signal and a 10 MHz
5G-NR signal at a carrier frequency of 700 MHz. For the
1.5 MHz LTE signal, the COAF-PWMT achieves an ACLR
of 54.3 dBc and an average efficiency of 15.7%, representing
an ACLR improvement of 22.6 dB and an efficiency gain
of 4.4% compared to the AF-PWMT. For the 10 MHz 5G-
NR signal, the COAF-PWMT achieves an ACLR of 42 dB,
which is 6 dB better than the GR-AFPWMT, and improves
efficiency by 1.6%.

The COAF-PWMT demonstrates that aliasing-free PWM,
when combined with constant-envelope outphasing, offers
a route to highly linear, energy-efficient RF transmitters
compatible with modern CMOS technology. Continued
innovations in digital phase synthesis, combiner design, and
adaptive control promise to extend the high performance into
wider bandwidths and higher carrier frequencies, making
the COAF-PWMT as a interesting contribution to next-
generation multi-standard radios.
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