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Abstract—This work elucidates how the combined effects of
power-amplifier distortion and local-oscillator (LO) pulling ad-
versely impact a wireless direct-conversion transmitter (DCT)
that adopts a time-varying envelope modulation. An analytical
model is developed to evaluate the deterioration of DCT output
signal quality, including error vector magnitude, adjacent channel
power ratio, and spectral regrowth. Additionally, an integrated
approach for PA linearization and anti-LO pulling is designed
based on an open-loop digital-predistortion method and the pro-
posed analog feedback compensation mechanism. Experimental
results demonstrate that a quadrature-modulation-based DCT
that incorporates the proposed approaches can significantly
improve the LO spectral purity, while achieving a high linearity
and efficiency performance simultaneously. These attributes are
highly desired for third-generation systems such as cdma2000 1x
and W-CDMA.

Index Terms—Digital predistortion (DPD), direct conversion
transmitter (DCT), local-oscillator (LO) pulling, power amplifier
(PA), PA linearization, transmitted signal quality.

I. INTRODUCTION

W IRELESS communications have driven the demand
for increased capacity and flexibility of RF transceiver

design in recent decades [1], [2]. Achieving high-data-rate
signal transmission for multimedia communications, especially
in wide modulation bandwidth and high peak-to-average power
ratio (PAPR), has led to stringent linearity constraints on signal
conversion and amplification [3], [4]. Fig. 1 illustrates a widely
adopted quadrature-modulation-based direct-conversion trans-
mitter (DCT) [2], which is characterized by its low modulation
distortion, regardless of the data rate. The DCT consists mainly
of a local oscillator (LO) to provide a pure sinusoidal signal and
a quadrature modulator to perform the baseband IQ modula-
tion, as well as a power amplifier (PA) to boost the transmitted
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Fig. 1. Illustration of transmitted signal quality degradation owing to combined
effects of PA distortion and LO pulling in a DCT.

signal power level. However, when the DCT is operated in
a time-varying envelope modulation system, the combined
effects of PA distortion and LO pulling significantly deteriorate
the system’s signal quality, including the LO spectral impu-
rity and DCT output spectral regrowth. The above problems
thus pose major bottlenecks in implementing RF transceiver
system-on-chip (SoC).
According to a survey of PA linearization strategies [3]–[7],

the digital predistortion (DPD) method is a highly promising
solution to improve the PA performance because of its rela-
tively easy programming, low power consumption, and supe-
rior linearization. Based on the characteristics of the PA’s am-
plitude-to-amplitude modulation (AM–AM) and amplitude-to-
phase modulation (AM–PM) distortions, the predistorter imple-
mented in baseband can synthesize the predistorted baseband
in-phase/quadrature (IQ) modulation signals to compensate for
PA’s amplitude compression and phase error. However, as the
system modulation bandwidth increases, the DPD methods are
generally difficult to improve the transmitted signal quality ef-
fectively, due to the limited sampling rate and the excessive
quantization noise [5], [7].
The other critical distortion issue, the LO pulling effect, has

received considerable attention under various injection condi-
tions. In 2004, Razavi [8] considered a phase-locked oscillator
(PLO) under an independent sinusoidal injection. In 2008, Li et
al. [9] devised a numerical approach for accurately predicting
the LO output spectra and phase noise under an independent
modulation injection. While imitating a realistic phenomenon
in which an injection signal into the LO correlates with the
LO output signal, our previous works [10], [11] introduced a
rigorous phase dynamic model for a PLO under directly mod-
ulated self-injection to evaluate the degradation of LO phase
noise and transmitted signal quality. Moreover, closed-loop an-
alytical models in both frequency domain [12] and time domain
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[13] were developed to analyze the frequency modulation (FM)
distortions caused by the LO pulling effect in a time-varying en-
velope modulation system.
In addition to the above efforts, several works have attempted

to mitigate the LO pulling effect. The most common means is
to isolate the LO far away from the noisy source with the assis-
tance of the clock retiming approach [14] and bulky off-chip el-
ements [15], which significantly increases hardware complexity
and degrades the system integration. A preliminary publication
of this work [13] proposed a solution approach by combining a
second-point VCO modulation loop and an inner self-injection
loop, capable of reducing the LO pulling effect on the trans-
mitted signal distortions. However, if the serious AM–AM and
AM–PM distortions of a PA dominate the deterioration of the
transmitted signal quality at a high DCT output power, the im-
proved approach in [13] is no longer applicable.
While elucidating the combined effects of PA distortion and

LO pulling, this work significantly expands upon the results
of [13] by including a detailed analysis of the PA’s AM–AM
and AM–PM distortions. The rigorous analytical model adopted
here can characterize the DCT signal quality deterioration when
an LO is pulled by a self-dependent time-varying envelopemod-
ulation signal. This work also develops an improved approach,
in which an open-loop DPD, a second-point VCO modulation
loop, and an inner self-injection loop are incorporated to en-
hance the DCT’s LO spectral purity, PA linearity, and average
efficiency simultaneously.

II. ANALYSIS APPROACHES

This section introduces the analytical model for a DCT
with combined effects of PA distortion and LO pulling. A
time-varying envelope modulation system is also considered
when the deterioration of transmitted signal quality is charac-
terized using the proposed model.

A. PA Distortion

PA distortion originates mainly from two categories of non-
linearities, which are associated with the input signal amplitude
[3]. Defined as the nonlinear relation between the amplitudes
of the input and output signal, AM–AM distortion often com-
presses the gain and saturates the output signal amplitude. Con-
versely, AM–PM distortion describes the output phenomenon
in which the PA output phase varies with the input signal am-
plitude. The above two distortions both induce intermodulation
to degrade PA linearity and transmitted signal quality. Consider
the time-domain waveforms of the PA’s input signal and
output signal in a complex form, as expressed in the fol-
lowing equations:

(1)

(2)

where

(3)

Fig. 2. System model of a DCT with combined effects of LO pulling and PA
distortion.

are the envelope and phase modulation (PM) component of
the PA’s input signal, respectively, based on quadrature mod-
ulation of the baseband in-phase and quadrature
signals. Moreover, and express the PA’s
AM–AM distortion function and AM–PM distortion function,
respectively. Notably, is the RF carrier frequency.
Fig. 2 illustrates the proposed system model of a DCT with

combined effects of PA distortion and LO pulling. The base-
band IQ modulation signals are synthesized by a vector signal
generator (VSG), and modulated on the RF carrier by a quadra-
ture modulator. A PA is then used to boost the modulated signal
power. To accommodate high-data-rate signal transmission,
the power back-off is needed to ensure linear operation of the
PA [3]. However, for a high PAPR modulation system, a high
output back-off (OBO) value must be used accordingly to pre-
vent signal distortion. Unfortunately, the PA’s efficiency peaks
only when the PA operates near saturation and declines rapidly
with a decreasing output power. Under the consideration of
excellent linearization and low digital processing complexity,
this work implements an open-loop DPD approach in baseband
to reduce the PA nonlinear distortions and increase the DCT
efficiency [5]–[7], [16].

B. LO Pulling Effect

As mentioned in Section I, the LO pulling effect has become
a major distortion issue with the advances in integrated circuit
(IC) process technologies. In the DCT architecture (Fig. 2), the
LO is normally implemented by a phase-locked loop (PLL) to
control the synthesized signal’s frequency and phase precisely,
which is achieved by adjusting the voltage-controlled oscillator
(VCO) output phase to align with the phase of reference signal

through tuning voltage and frequency sensitivity
. Based on Adler’s analysis [17] and our previous work [13],

the instantaneous output frequency of an LO pulled by a time-
varying envelope modulation signal can be expressed as

(4)

where

(5)

refers to the inherent oscillation frequency of the VCO and is
assumed here to be a summation of synthesized frequency
and the instantaneous frequency variation caused by the PLL.

and also represent the time-varying and constant
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amplitudes of the injection and oscillation signals, respectively.
Meanwhile, is the quality factor of the oscillator’s tank cir-
cuit. Moreover, is regarded as the instantaneous phase dif-
ference between the injection signal and oscillation signal. By
assuming that VCO is finally phase locked under a weak nar-
rowband modulation injection, we can infer that
and . Therefore, the re-
sulting LO output frequency can be approximated as

(6)

where

(7)

is the time-varying locking range of a free-running oscillator
injected by a time-varying envelope modulation signal. In (6),
the frequency terms, and , express the fre-
quency fluctuation caused by the phase- and injection-locking
process, respectively. Furthermore, and repre-
sent the amplitude-to-frequency modulation (AM–FM) and
phase-to-frequency modulation (PM–FM) distortions that re-
sult from the envelope and phase variations, respectively, of an
IQ-modulated signal that pulls the LO. Both distortions degrade
the quality of IQ modulation in terms of the FM component.
Consider a situation in which the injection signal originates
from the DCT output modulated signal via the pulling signal
injection path with time delay . Based on assumptions of
low LO phase noise and narrow modulation bandwidth, the
injection-induced PM–FM distortion can be approximated
as

(8)

where , , and denote the instantaneous
phase response of the LO output, IQ modulation, and PA’s
AM–PM distortion, respectively. Incorporating (8) into (6) and
integrating (6) yields the resulting LO output phase

(9)

where and refer to the initial oscillation phase and
the synthesized carrier phase, respectively. The phase fluctu-
ation terms, and , in (9) are induced by the
phase- and injection-locking process, respectively. A similar

phase formulation for the coexistence of phase locking and in-
jection locking can also be found in [14] and [15]. However, this
work differs from those works by considering the PA’s AM–PM
distortion additionally. Based on the above derivations, Fig. 2 il-
lustrates the systemmodel in a complex expression of all signals
of interest in the DCTwith the combined effects of PA distortion
and LO pulling. Consider the LO output signal in the following
form:

(10)

where is assumed to be
the comprehensive phase fluctuation, which originates from the
frequency variations of phase- and injection-locking processes.
With the discrete-time calculation approach in [9], can be
calculated recursively and formulated as a pulse train weighted
by . Therefore, the time-domain waveform of DCT output
signal can be expressed as (11), shown at the bottom of this
page, where denotes the impulse response of a reconstruc-
tion filter. This work also characterizes the transmitted signal
quality degradation owing to the combined PA distortion and
LO pulling effects by assuming that the baseband IQ signal is
independent of the LO signal, i.e., and are modu-
lated with an uncorrelated LO signal in quadrature modulation.
Finally, incorporating the above equations into Agilent

EEsof ADS Ptolemy software to perform system co-simulation
allows us to evaluate the degraded transmitted signal quality
by some major indices, such as error vector magnitude (EVM),
adjacent channel power ratio (ACPR), and spectral regrowth.
Fig. 3(a) compares different distortion mechanisms in term of
transmitted signal quality degradation, while DCT delivers a
1.98-GHz cdma2000 1x quadrature phase-shift keying (QPSK)
modulated signal with a channel bandwidth of 1.25 MHz. In
this figure, the solid line in blue (in online version), dotted line
in red (in online version), and broken line in gray represent
the DCT output spectra with no distortion, only PA distortion,
and the effects of PA distortion and LO pulling in combination,
respectively. The corresponding ACPRs in the same order
as above are 47.2, 37.4, and 32.5 dB. Fig. 3(b) shows
the demodulated constellation with respect to Fig. 3(a). The
corresponding EVMs in the same order as above are 1.3%,
9.4%, and 31.9%.
Above results are simulated when the DCT is operated at an

OBO of 6 dB and a pulling signal power ratio of 65 dB. The
setting of the OBO is referred to as the PAPR of the synthesized
QPSK-modulated signal, while the pulling signal power ratio is
defined as the power ratio between the injection signal and the
LO output signal (i.e., ). Above comparisons

(11)
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Fig. 3. Comparison of output signal quality under different distortion mech-
anisms when DCT delivers a 1.98-GHz QPSK-modulated signal with a
1.25-MHz channel bandwidth. (a) Transmit spectrum. (b) Constellation.

demonstrate that more serious transmitted signal quality degra-
dation originates from the combined effects of PA distortion and
LO pulling.

III. IMPROVEMENT APPROACHES

Various PA linearization and anti-LO pulling approaches
have been developed to alleviate the transmitted signal dis-
tortions. Some works [12], [18]–[21] have asserted that the
adaptive DPD method may be an effective means of resolving
these two major DCT design bottlenecks. With the powerful
computation ability of digital circuitry in baseband, a predis-
torter can provide accurate predistorted values to compensate
for the PA’s AM–AM and AM–PM distortions through an adap-
tive calculation algorithm. By exploiting this characteristic,
Bashir et al. [12] developed a novel approach for mitigating the
LO pulling effect. Therefore, that work introduced an adaptive
digital-controlled-delay circuit to break the synchronization be-
tween the aggressors and the victims, capable of mitigating the
LO pulling effect in the digital polar transmitter architecture.
However, if the PA’s nonlinear distortion is considered with

the LO pulling effect simultaneously, the serious AM–AM and
AM–PM distortions substantially induce a heavy memory load
and long convergence time in the adaptive predistortion algo-
rithm. In other words, either the system modulation bandwidth
must be reduced or the transmitter OBO value increased to en-
sure sufficient improvement on the transmitted signal quality

Fig. 4. Block diagram of the proposed transmitter experimental setup for im-
proving the combined effects of LO pulling and PA distortion.

Fig. 5. System model of the experimental DCT shown in Fig. 4.

[21]. However, the transmitter efficiency declines rapidly as the
output power decreases.
To overcome the above limitations, this work adopts the

open-loop DPD method to reduce the PA’s AM–AM and
AM–PM distortions. Meanwhile, the proposed second-point
VCO modulation and inner self-injection approaches mitigate
the LO pulling effect with dependence on the PA’s AM–PM
distortion.
Fig. 4 schematically depicts the proposed DCT experimental

setup, while Fig. 5 illustrates the proposed system model with
respect to Fig. 4. The proposed DCT consists mainly of a PLL-
based LO, an IQ modulator, a PA, and a baseband digital pre-
distorter (BDP). Baseband I and Q component signals are pro-
vided by an Agilent E4438C vector signal generator (VSG) and
then predistorted by the BDP. To imitate the real LO pulling
phenomenon, a portion of DCT output is fed back to
interfere with LO through a delay line with time delay , an
attenuator, and a power combiner, serving as a pulling injection
signal. Moreover, with the help of a circulator, the pulling in-
jection signals and the LO output signals can be separated for
individual measurement during the experiment, as done in our
previous work [11]. In addition to the baseband IQ predistor-
tion process for PA linearization, this work combines the pro-
posed second-point VCO modulation and inner self-injection
approaches to reduce the LO spectral impurity incurred by the
LO pulling effect.

A. Baseband DPD

This work attempts to enhance the PA linearity by imple-
menting an open-loop DPD method in baseband [16], [22],
[23]. The predistortion concept is described in the following
explanation. By continuing with the derivation in Section II-A,
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according to the continuous-wave (CW) measurements of
the PA in the absence of DPD, one can characterize the PA’s
nonlinear functions of gain compression and phase
distortion with respect to the input sinusoidal phasor

as follows:

(12)

Assume that the linearization specifications for the PA’s
AM–AM and AM–PM distortion are a constant voltage gain
of and phase difference of zero degree. Therefore, the
relative inverse functions, and , can be
mathematically expressed as

(13)

Fig. 4 illustrates the approximate implementation of a DPD
approach. The baseband in-phase and quadrature component
waveforms and are synthesized by the VSG and
fed to the BDP unit for predistortion based on the customized
AM–AM and AM–PM lookup tables (LUTs), and subsequently
converted into analog waveforms and
through the digital-to-analog converters (DACs). The predis-
torted baseband signals are quadrature modulated onto the RF
carrier, which forms the input RF signal of the PA. Theoreti-
cally, the PA’s nonlinear distortions can be effectively reduced
with the above predistortion process. However, if the phase
shift incurred by the injection-locking effect is considered, the
phase error term in (12) should be rewritten as

(14)

where is an injection-locking phase shift that is de-
pendent on the injection signal amplitude. Obviously, (14) re-
veals that the transmitted-signal PM distortion originates from
the PA’s inherent AM–PM distortion and the LO pulling induced
FM distortion. Above results also validate our postulation that
the open-loop DPD method fails to alleviate the PM distortion
of a transmitted signal, owing to the lack of an improvement
mechanism for the LO pulling effect.

B. Second-Point VCO Modulation

An adaptive DPD technique based on feedback concepts
has been developed recently to compensate for the inadequate
PA linearization of the conventional predistortion approaches.
Chung et al. [21] devised an open-loop DPD method embedded
with an analog feedback estimation mechanism to expand the
system modulation bandwidth and increase the convergence of
the predistortion algorithm. The proposed approaches of this
work also exploit this characteristic to reduce the PA nonlinear
distortion and LO pulling effect simultaneously.
Two equivalent analog feedback mechanisms are proposed

in this work, while the distorted envelope and phase signals in
the analog form are extracted and fed back to serve as self-ad-
justing signals to correct the phase error given in (14). Based

on the improved results, the proposed approaches significantly
contribute efforts to enhance the DCT’s LO spectral purity, PA
linearity, and average efficiency simultaneously.
As discussed in Section II-B, the serious AM–FM and

PM–FM distortions caused by the LO pulling effect signifi-
cantly degrade the transmitted signal quality in a time-varying
envelope modulation system. Moreover, implementing the
DPD method should, theoretically, mitigate the PA’s AM–AM
and AM–PM distortions. However, owing to the limitation of
LUT’s resolution and PA’s physical defects (e.g., thermal noise
or memory effect [24]), the transmitted-signal PM distortion
is difficult to be cancelled out entirely by using the open-loop
DPD method. To eliminate the transmitted signal distortions
caused by the PA nonlinear effect in combination with the LO
pulling effect, in contrast to the approach of [13], this work
offers designing flexibility by introducing a multiplexer in the
second-point VCO modulation loop, as shown in Fig. 4. The
mixing objects of the RF mixer can be dynamically switched
depending on which of the above two effects will dominate.
Firstly, by assuming that the DPD method substantially

mitigates the PA’s AM–AM distortion, the transmitted-signal
PM distortion, caused by the LO pulling induced FM distortion
and PA’s AM–PM distortion, dominates the transmitted signal
quality degradation. Thus, according to Fig. 4, the feedback
baseband envelope signal is extracted from the low-frequency
mixing product of the DCT output signal and a cali-
brated LO signal with the assistance of an RF mixer
and a low-pass filter. Mathematically, the extracted baseband
envelope signal, , can be expressed as the following
equation:

(15)

where

(16)

and

(17)

In the above equations, and denote phase shift and
voltage gain of the phase shifter and the variable-gain ampli-
fier (VGA), respectively, which are used in the second-point
VCO modulation loop to maximize the conversion gain of the
RF mixer. After low-pass filtering out the unwanted frequency
items, can be approximated as (18) under small-angle
approximation by incorporating (16) and (17) into (15) when

, i.e.,

(18)

where denotes an equivalent voltage gain associated
with the injection signal amplitude . To remove the LO
spectral impurity, the extracted baseband envelope is
fed back to the VCO’s second modulation point with tuning sen-
sitivity in order to correct the LO output frequency or
phase. Consequently, by incorporating (8) into (6) with consid-
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Fig. 6. Experimental results for the experimental DCT when delivering a
1.98-GHz cdma2000 1x QPSK-modulated signal with a channel bandwidth of
1.25 MHz and an OBO of 6 dB. (a) EVM. (b) ACPR.

eration of adding the second-point VCO modulation frequency,
the LO output frequency can be expressed as

(19)

where . Assume that the
pulling signal injection path delay is sufficiently small when
compared to the system modulation symbol time . This can be
regarded as true because is about 20 ns for our experimental
case, while is around 800 and 260 ns for the cdma2000 1x
and W-CDMA systems, respectively. Therefore, the last term

in (19) can be disregarded. Finally,
the concerned LO spectral impurity caused by the LO pulling
effect can be eliminated while satisfying the following cancel-
lation condition:

(20)

Secondly, if the open-loop DPDmethod fails to reduce the PA
nonlinear distortion, especially the serious PA’s AM–PM distor-
tion due to the thermal noise or memory effect, we recommend

Fig. 7. Experimental results for the proposedDCTwhen delivering a 1.98-GHz
W-CDMAQPSK-modulated signal with a channel bandwidth of 3.84 MHz and
an OBO of 8 dB. (a) EVM. (b) ACLR.

that designers should only preserve the BDP’s AM–AM predis-
tortion function, while replacing the original AM–PM compen-
sation mechanism with the proposed second-point VCO mod-
ulation approach. Notably, in this suggested approach, the PA’s
AM–PM distortion function is extracted first from the
low-frequencymixing product of the PA’s input signal
and output signal , as noted in Fig. 4, then a closed
feedback loop is established to mainly compensate for the PA’s
AM–PM distortion.

C. Inner Self-Injection

Above analyses also reveal that, if the pulling signal injection
path delay cannot be ignored, the residual spectral impurity
term in (19) may significantly de-
grade the improvement on the transmitted signal quality ulti-
mately. Additionally, some critical PA physical defect issues are
too complex to be discussed with the LO pulling effect, which
may decrease the improvement of the above cancellation ap-
proach. Therefore, an inner self-injection loop is additionally
introduced in the proposed DCT to further improve the trans-
mitted signal quality.
Based on the oscillator self-injection-locking concept in [25]

and [26], our previous work [11] developed an inner self-injec-
tion approach to mitigate the LO pulling effect in a constant
envelope modulation system. Figs. 4 and 5 indicate that, in the
inner self-injection loop, a part of the pulled LO output signal
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Fig. 8. Experimental results for the proposedDCTwhen delivering a 1.98-GHz
cdma2000 1x QPSK-modulated signal with a channel bandwidth of 1.25 MHz
and a pulling signal power ratio of 65 dB. (a) EVM. (b) ACPR.

is fed back and injected into the VCO via a delay line
with time delay , a phase shifter with phase shift , and a
VGA for voltage amplification. When the inner self-injection
approach is applied, the concerned LO spectral impurity can be
formulated as

(21)

where denotes the inner self-injection locking range.
also represents the relation

between the instantaneous inner self-injection phase and the
LO output phase. By assuming that is sufficiently small to
make the approximation and is equal
to 180 , (21) can be re-approximated as

(22)

Equation (22) clearly reveals that the LO spectral impurity can
be effectively suppressed by increasing the product of the inner
self-injection locking range and path delay .

IV. RESULTS AND DISCUSSION

This work demonstrates the effectiveness of the proposed im-
provement approaches by implementing a prototype DCT with

Fig. 9. Experimental results for the proposedDCTwhen delivering a 1.98-GHz
W-CDMAQPSK-modulated signal with a channel bandwidth of 3.84 MHz and
a pulling signal power ratio of 65 dB. (a) EVM. (b) ACLR.

a system block diagram, as shown in Fig. 4. In the experiments,
the LO is locked at 1.98 GHz, delivering an oscillation power
of 0 dBm. The PA achieves a maximum CW output power of
29.3 dBm. Based on use of the Agilent E4438C VSG applied
with Agilent EEsof ADS Ptolemy software, the third-gener-
ation (3G) system modulation signal is generated, including
cdma2000 1x QPSK-modulated signals with a PAPR of about
6 dB [27] and one-frequency-aggregation (1-FA) W-CDMA
QPSK-modulated signals with a PAPR of about 8 dB [28].
Sections IV-A and IV-B validate the improved effectiveness of
the transmitted signal quality in terms of EVMs, ACPRs, or
adjacent channel leakage ratios (ACLRs), spectral regrowth,
and average efficiencies under various injection conditions and
modulation systems

A. Ability to Resist PA Distortion and LO Pulling

Fig. 6(a) and (b) summarizes the experimental results of
EVMs and ACPRs, respectively, under various pulling signal
power ratios when the DCT delivers a 1.98 GHz cdma2000
1x QPSK-modulated signal with a channel bandwidth of
1.25 MHz and an OBO of 6 dB. These figures include results
achieved by using various improvement approaches, where the
dotted lines in red (in online version), broken lines in blue (in
online version), and solid lines in black denote the measure-
ment results of without improvements, only the DPD method,
and with the proposed approaches, respectively. Additionally,
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Fig. 10. Comparison of measured average efficiencies with respect to OBO
for the proposed DCTs operating with a pulling signal power ratio of 65 dB.
(a) Delivering a 1.98-GHz cdma2000 1xQPSK-modulated signal with a channel
bandwidth of 1.25 MHz. (b) Delivering a 1.98-GHz W-CDMA QPSK-modu-
lated signal with a channel bandwidth of 3.84 MHz.

the solid lines in gray depict the EVM and ACPR minimum
specifications for the applied system. Both EVM and ACPR
significantly decrease with an increasing pulling signal power
ratio value. Measurement results indicate that the proposed
approach improves the EVM by 15.6% and ACPR by 7.7 dB
when the pulling signal power ratio equals 55 dB.
Moreover, to emphasize the advantages of wideband and

adaptability, Fig. 7(a) and (b) compares the EVMs and ACLRs,
respectively, under various pulling signal power ratios when
the DCT delivers a 1.98-GHz W-CDMA QPSK-modulated
signal with a channel bandwidth of 3.84 MHz and an OBO
of 8 dB. According to this figure, a significant improvement
on transmitted signal quality is achieved on EVM and ACPR
of 85% and 14.65 dB, respectively, when the pulling signal
power ratio equals 55 dB. According to Figs. 6 and 7, the
experimental results verify that the proposed approaches can
effectively diminish the combined effects of PA distortion and
LO pulling in a time-varying envelope modulation system.

B. Ability to Enhance DCT Linearity and Average Efficiency

This work also demonstrates the effectiveness of the pro-
posed approaches in enhancing the DCT performance. Figs. 8
and 9 compare the EVMs [see Figs. 8(a) and 9(a)] and ACPRs/

Fig. 11. Experimental results of transmit spectra for the proposed DCTs op-
erating with an OBO of 2.5 dB and a pulling signal power ratio of 65 dB.
(a) 1.98-GHz cdma2000 1x QPSK-modulated signal with a channel bandwidth
of 1.25 MHz. (b) 1.98-GHz W-CDMA QPSK-modulated signal with a channel
bandwidth of 3.84 MHz.

ACLRs [see Figs. 8(b) and 9(b)] under a constant pulling signal
power ratio of 65 dB, but with different OBOs for a DCT that
delivers a 1.98-GHz cdma2000 1x QPSK-modulated signal and
a W-CDMA QPSK-modulation signal, respectively. In com-
parison with the conventional DPD methods, the proposed ap-
proaches markedly improve in modulation quality. Under the
constraint that satisfies the ACPR/ACLR specifications, the pro-
posed approaches can increase the OBO by about 4 and 6.5 dB
for cdma2000 1x system and W-CDMA system, respectively.
Fig. 10 shows the measured average efficiencies with respect

to OBO under a constraint that ACPRs/ACLRs must meet the
system specifications. In Fig. 10(a), the black lines and gray
lines denote the average efficiencies of with and without im-
provement, respectively, in the cdma2000 1x system. These re-
sults indicate that the average DC-to-RF efficiency and average
power-added efficiency (PAE) improve significantly, ranging
from 25.9% to 39.5% and 20.9% to 30.8%, respectively. More-
over, in Fig. 10(b), a similar improvement on average efficien-
cies can also be found when the DCT delivers aW-CDMAmod-
ulation signal, which ranges from 21.6% to 47.1% at average
DC-to-RF efficiency and ranges from 17.9% to 38.2% at av-
erage PAE.
Experimental results show that the proposed approaches have

more obvious improvements on the W-CDMA system than on
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the cdma2000 1x system. Above comparisons verify the infer-
ence in Section III that the open-loop DPDmethod fails to accu-
rately compensate for the PA nonlinear distortion due to the lack
of adaptive self-correcting mechanism. This failure explains the
degraded improvement with an increasing system modulation
bandwidth. However, the proposed combined approaches can
overcome this limitation.
Finally, Fig. 11(a) and (b), respectively, compares the

transmit spectra measurement results for the cdma2000 1x and
W-CDMA DCTs when operating at an OBO of 2.5 dB and
a pulling signal power ratio of 65 dB. In these figures, the
solid lines in black and dotted lines in gray denote the DCT
output spectrum of without and with improvement, respec-
tively. Above results reveal that the proposed DCT possesses a
significant improvement in spectral regrowth, while achieving
a high efficiency simultaneously.
In contrast to existing adaptive DPD methods, the combined

approach of the open-loop DPD and analog RF feedback
technique in this study can reduce DSP computation time
and requirements, thus benefiting higher data-rate modula-
tion schemes. However, the RF complexity is undoubtedly
increased. Therefore, we recommend that designers use our
proposed approach for high data-rate wireless communication
systems that suffer from the combined effects of PA distortion
and LO pulling.

V. CONCLUSION

This paper has presented the combined effects of PA distor-
tion and LO pulling on a DCT in a time-varying envelope mod-
ulation system. The proposed theoretical model and analysis ap-
proaches can account for and forecast the degraded transmitted
signal quality, including the factors such as EVMs, ACPRs,
and spectral regrowth. To mitigate the adverse effects on the
above factors, an innovative approach, capable of incorporating
a baseband DPD method, a second-point VCO modulation ap-
proach, and an inner self-injection technique, is developed to
improve the deteriorated transmit signal quality. Additionally,
the proposed approaches also provide an excellent PA lineariza-
tion capability and are successfully identified in a case-study
application to the cdma2000 1x and W-CDMA systems. Con-
sequently, the proposed DCT is characterized by its superior
linearity, high average efficiency, and effective anti-LO pulling
properties for application to a high PAPR wireless system. Ef-
forts are underway to extend the proposed approach and related
results to more complexmodulation systems, such as worldwide
interoperability for microwave access (WiMAX) and long term
evolution (LTE).
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