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A Highly Linear Wideband Polar Class-E CMOS
Digital Doherty Power Amplifier

Mohsen Hashemi™, Student Member, IEEE, Lei Zhou, Yiyu Shen, Student Member, IEEE,
and Leo C. N. de Vreede, Senior Member, IEEE

Abstract— This article presents the first application of a digital-
intensive intrinsically linear digitally controlled class-E technique
in a Doherty configuration. By careful nonlinear segmentation
and multiphase RF-clocking along with overdrive-voltage control
and automatic duty-cycle correction, it is shown that even the
nonlinearities related to Doherty operation can be fully handled
by the underlying design such that digital predistorion (DPD)
can be, in principle, omitted. The nonlinearity behavior of the
whole digital Doherty power amplifier (PA) is analyzed, and
closed-form equations are given to predict the AM-AM and
AM-phase modulation (PM) curves. In addition, time/phase
mismatch between the peak and main branches and the AM
and PM signals is accurately compensated. In order to achieve
the maximum intrinsic linearity, two separate chips with the
same architecture, but different design parameters, are fabri-
cated as the main and peak amplifiers in 40-nm bulk CMOS.
To achieve a large RF bandwidth and high passive combiner
efficiency, a differential low-loss, wideband Marchand balun-
based Doherty power combiner, implemented using reentrant
coupled lines with independent second-harmonic control is pro-
posed, and together with the matching network is fabricated
on a two-layer PCB. The measured peak/6-dB power back-
off Poyr, drain efficiency/power-added efficiency at 2.4 GHz
are 17.5 dBm/12.2 dBm, 57%/52% and 36%/25% with VDD
main/peak = 0.6 V/0.7 V. Measured results without using
DPD show —41-dBc adjacent channel power ratio (ACPR) and
—36-dB error vector magnitude (EVM) for a 16-MHz OFDM
signal at 2.5 GHz. By using DPD, the measured ACPR and EVM
of a 16-MHz /32-MHz OFDM signals are —52 dBc¢/—48 dBc and
—50 dB/—48 dB, respectively.

Index Terms— CMOS, digital power amplifier (DPA), digital
predistortion (DPD), Doherty PA, efficient, linear, multiphase
RF-clocking, nonlinear sizing, overdrive-voltage control,
wideband.

I. INTRODUCTION

HE biggest challenge in designing a transmitter (TX) for
wideband mobile application is to achieve high energy
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Fig. 1. Digital-intensive polar TX with digital Doherty PA.

efficiency combined with high spectral purity. Highly efficient
but not necessarily linear power amplifiers (PAs) often use
switch-mode operation such as class-E, F, or D H 11171
In order to benefit from the advances in digital CMOS process
technology, it is highly desirable to push the digital/analog
boundary in mixed-mode RF circuits toward the antenna inter-
face as much as possible. A switch-mode digital-PA (DPA),
implemented as an array of small sub-PA cells, is therefore a
logical candidate for such a transmitter, as it can be directly
driven by digital (i.e., square-wave) signals [8]—[18].

In a digital-intensive polar TX, as shown in Fig. 1,
the input complex I/Q data are converted to ampli-
tude AM[n] = ((I[n)*+ Q[n]*))!/? and phase ¢[n] =
Arctan(Q[n]/I[n]). The conversion from the Cartesian
domain to polar is a highly nonlinear operation, which can
limit the maximum signal bandwidth in practical imple-
mentations. However, since there is only one RF path
per PA in a polar TX, the efficiency is normally higher
than its Cartesian counterpart. On the other hand, high
data-rate signals normally have a high peak-to-average-
power ratio (PAPR), which compels a PA to operate in
deep power backoff (PBO), thus reducing its power effi-
ciency if no efficiency enhancement technique is applied.
Among different efficiency enhancement techniques such
as envelope-tracking [19], [20] and Doherty [7], [21]-[31],
Doherty PA [21] is still one of the most widely used efficiency
enhancement techniques, because of its relatively simple and
low-cost implementation. Using an off-chip matching network
reduces the passives losses, thus increasing the efficiency,
especially at PBO compared to implementations with on-chip
matching network [27]-[29].

0018-9480 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Conventional TX design approaches are often based on
using a nonlinear PA to achieve high efficiency and then
linearize it by applying digital predistortion (DPD) techniques
[71, [21]-[24], [26], [28], [29], [31]. Furthermore, as will be
discussed in Section IV, even with an ideal DPD, due to the
highly nonlinear operation mode of class-E DPAs, it is not
possible to achieve maximum spectral purity and minimum
error vector magnitude (EVM) for a given number of bits with
a conventional uniform DPA structure [32]. The bandwidth
of the digital AM signal is mostly limited by the sampling
rate and not by analog blocks as in an analog-intensive polar
TX [33], [34]; thus, it can handle a higher signal bandwidth
[91-[12], [16]-[18], [29], [30].

In addition to high video bandwidth, high RF bandwidth
is also of great importance. There are three main challenges
in increasing the RF bandwidth of a class-E Doherty PA,
namely, class-E PA limited bandwidth, impedance converter
limited bandwidth, and the balun limited bandwidth, which
can be mitigated using three different techniques, namely,
reactance compensation [35], a shunt open-circuit 1/8 section
[26], [31], [36] parallel to the load, and compensated Marc-
hand balun with reentrant coupled lines [18], [37]-[39],
respectively.

In this article, for the first time, a linear digital-intensive
polar class-E Doherty PA is demonstrated, in which the lin-
earity is significantly enhanced using circuit-level linearization
techniques with automatic duty-cycle correction (DCC). Wide-
band efficiency enhancement is achieved by using reactance-
compensated parallel-circuit class-E along with wideband
impedance inverter and a novel wideband Marchand balun-
based Doherty power combiner, implemented using reentrant
coupled lines with independent second-harmonic control. Non-
linear sizing, multiphase RF-clocking, and overdrive-voltage
control have been recently successfully used to linearize single
PAs with both on-chip [16], [17] and off-chip [18] matching
networks in circuit-level without using DPD.

In the following, a wideband class-E Doherty PA and
a digital Doherty PA are discussed in Sections II and III,
respectively. System-level design considerations are discussed
in Section IV, and the circuit-level linearization techniques
are described in Section V. The final design and implemen-
tation are explained in Section VI, followed by the mea-
surement results and conclusion in Sections VII and VIII,
respectively.

II. WIDEBAND CLASS-E DOHERTY PA

In a symmetric Doherty PA, as shown in Fig. 2(a), there
are the main (or carrier) and peak (or auxiliary) PAs, where
the peak PA is only active beyond the 6-dB PBO point
resulting in an additional peak in the efficiency, as shown in
Fig. 2(b). The output powers are combined using an impedance
inverter. To maintain linearity, efficiency is typically compro-
mised at the high-efficiency power backoff point to ease DPD
[71, [21]-[24], [26]-[28], [31]. To achieve higher efficiency,
switch-mode PAs can also be considered to be used as branch
amplifiers. Among the switch-mode PAs, the class-E has one
of the simplest load networks and can theoretically provide
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Fig. 2. (a) Simplified single-ended structure of a class-E Doherty PA with
TL-based impedance inverter, highlighting three different bandwidth limiting
factors in the circuit. (b) Normalized DE versus output power backoff.
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Fig. 3. (a) Single push—pull class-E PA. (b) Angle of the impedance seen

by drain.

up to 100% drain efficiency (DE) while absorbing the drain
capacitance in its load network [1], [2], [S]-[7]. In this section,
different techniques to mitigate the bandwidth liming factors,
as highlighted in Fig. 2(a), are described.

A. Reactance Compensated Parallel-Circuit Class-E PA

The general topology of a push—pull class-E PA with finite
dc feed inductance is shown in Fig. 3(a). The normalized
resonance frequency of the parallel resonator is defined as
gp = 1/(wo(LpCp)'/?). It has been shown that for gp =
1.412, the output power for a given Vpp and Ry is maximum,
and the series reactance X can be zero [35], [40], [41].
Such a structure, known as parallel-circuit class-E, has higher
maximum operating frequency and higher load resistance [41].
To have a wideband RF operation, the load angle seen by
the intrinsic drain should remain constant over the required
bandwidth. This can be done through reactance compensation
[35], [40]. By properly choosing the parameters of the series
resonator, a constant load angle, as shown in Fig. 3(b), over
a wide frequency band can be achieved, resulting in the
optimum Qgeries = 1.026 [40]. However, in an ideal class-
E PA, high Qgeries is required to block all the harmonics in
the series resonator; otherwise, the efficiency drops. By using
a push—pull configuration with differential matching network,
the orthogonality between odd and even terminations can be
used to ensure a very high even mode (second harmonic)
impedance, and as such relax the Qgeries requirement of
the series resonator, achieving wideband operation without
compromising the class-E efficiency.

B. Compensated Impedance Inverter

Doherty implementations normally use a quarter-wave
transmission line (QWTL) or its lumped equivalent as the
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Fig. 5. (a) Marchand balun. (b) Compensated Marchand balun. (¢) Compen-
sated Marchand balun with reentrant coupled lines.

impedance inverter [Fig. 4(a)] [7], [21]-[24], [27]-[30]. As can
be seen from Fig. 4(b)—(c), the magnitude and phase of the
impedance Z,, seen by the main PA are highly sensitive to
frequency. By adding an open-circuit compensation half-wave
TL (HWTL) in parallel to the load [26], [31], [36], as shown
in Fig. 4(a), the input impedance is given by

R1Z (l —tan (71' %) tan (% %)) —i—jZ(% tan (% %)

Zo+jRL (tan (n %) + tan (% %))
(D

which shows smaller variations of the magnitude and phase of
Z,, over a larger bandwidth. This structure can be employed
in Doherty configuration as depicted in Fig. 4(d) to expand
the efficiency bandwidth.

Zn(f)=

C. Compensated Marchand Balun With Reentrant Coupled
Lines and Second-Harmonic Control

1) Compensated Marchand Balun: The planar Marchand
balun, shown in Fig. 5(a), is one of the best TL-based
topologies for offering wideband amplitude and phase balance
while having a relatively simple implementation [39], [42].
A conventional Marchand balun is constructed from two 1/4
coupled lines with short and open terminations at their specific
ports, ideally providing a balanced loading condition from

a single-ended load. However, in practice, due to the unequal
even-mode and odd-mode phase velocities, the conversion
from single-ended to balanced operation is not perfect and
results some imbalance. To correct for this imbalance, a com-
pensation technique [42] can be adopted, where an extra
compensation line section is added between the two /4
coupled line sections [Fig. 5(b)] whose parameters can be
calculated as follows:

7 Z 0, — Z 17
Zern ot Yem ) _ 00 CSC Ue 0e CSCUp )
2 cscl, cotl, — cscl, cotl,

where Z, and Z, are the characteristic impedance and 6,
and 6, are the electrical length of odd-mode and even-mode,
respectively. Z¢my, and .y, are the characteristic impedance and
the electrical length of the compensation section, respectively.

2) Reentrant Coupled Lines: The bandwidth of a Marchand
balun at low (odd-mode) impedance levels depends on the
Zoe/Zoo ratio. This can be very challenging in practice with
single-layer transmission lines, as a very small horizontal gap
between the coupled lines is required. However, reentrant
coupled lines, as shown in Fig. 5(c), can achieve a very tight
coupling without strict requirements in fabrication [39]. In the
odd-mode, Zy, = Zo,1, where Zy,; is the impedance between
transmission lines and floating layer. In the even-mode, Zy, =
Zo,1+2Zp» where Z > is the impedance between the floating
layer and the bottom plate. In this case, the coupling factor
K = (Zoe — Z00)/(Zoe + Z0o) = 1/(1 + Zo,1/Zo,2) mostly
depends on the Zg /Zp, ratio rather than the horizontal
spacing between the coupled lines, thus relaxing the dimen-
sional requirements in fabrication. In general, a low Zy 1/Z >
ratio is preferred. Therefore, having an upper layer with a
larger dielectric constant but a smaller thickness compared
to the lower layer (6,1 > €, and Hy < Hj), a strong
coupling coefficient can be expected, resulting in a low-loss
and wideband balun. Furthermore, since the effective dielectric
constants of even and odd modes are different, the wavelength
A = dair/ (€reff)1/ 2 of these modes, namely, Aeven and Aoqq, are
also different.

3) Second-Harmonic Control: In a differential PA, the even
harmonics are seen open-circuit at the input of the balun.
However, the use of a QWTL impedance transformer at the
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Fig. 7. (a) Simplified linearly sized single-ended class-E digital Doherty PA
with compensated impedance inverter. (b) ACW and effective width of each
branch versus the input ACW.

input can provide very low impedance levels for the even
harmonics at the PA reference plane, which conflicts the
loading conditions of class-E PA operation. To address this
issue, the center of the floating metal layer in the re-entrant
A/4 sections is connected to the ground by a via at Aeyen/8
distance from the PA, as depicted in Fig. 6(a). Therefore,
thanks to the tight coupling between the top and floating metal
layers, the TL is ac-ground in even-mode, thus seen as open-
circuit by the PA at second harmonic, as shown by electromag-
netic (EM) simulation in Fig. 6(b). In the odd-mode, the center
of the floating metal is virtually ground thus barely affecting
the odd-mode impedance levels.

III. DIGITALLY CONTROLLED CLASS-E DOHERTY PA

In an RFDAC-based class-E digital Doherty PA, the output
amplitude is directly modulated by changing the effective
width or Ron of the final PA stage, as shown in Fig. 7(a)
for a 10-bit Doherty DPA with two 9-bit DPAs. The
input amplitude-control word (ACW) varies between 0 and
ACWpax = 1022, and the ACW of the main (ACW ;) and
peak DPA (ACWp) both have a range of 0-ACWwp Max =
511. For ACW < ACWuyp, Max, we have ACW )y, = ACW and
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ACWp = 0. For ACW > ACWwmp Max, as shown in Fig. 7(b),
the main DPA is fully on (ACWy = ACWwmp,Max) and the
peak DPA starts turning on (ACW p = ACW — ACWmp, Max)-

The total drain capacitance (Cp, including the transistors
and interconnect parasitics) is tuned for class-E operation
at ACWy (ACWp) = ACWpnp Max. Therefore, when the
main (peak) DPA is fully on, it operates in class-E. As the
number of switching transistors in the main (peak) DPA
decreases (at PBO), the fundamental impedances become
complex with positive reactances, and the second-harmonic
impedances become mostly negative reactances (capacitive)
thus operating similar to a class-J PA [43]-[45]. For small
ACW 3 (ACW p) (<30), the voltage swing on drain of the main
(peak) DPA is small, therefore operating similar to a current
source with an almost linear behavior [17]. The Cp change
is rather small since all the devices in the output stage are
in parallel all the time. Therefore, only their gate potential is
changing, which affects Cp to a little extend (varying 110 fF in
total from ACW = 1 to ACW = 511 for each DPA, equivalent
to less than 3% change). Consequently, the variations of Cp
for ACW ; (ACW p) > 30 does not change the intended class-
E operation significantly. However, the efficiency drops due to
the increased Ron.

Using an analysis approach similar to [17], the single-
ended Norton equivalent linear time-invariant (LTI) model of
the DPAs in odd-mode is shown in Fig. 8(a)-(d). Since the
HWTL section of the compensated impedance inverter does
not alter the impedances seen by the main and peak PAs
at center frequency fc (except for a phase-offset); therefore,
the conventional QWTL is used for theoretical simplicity. The
switching transistors are replaced by a series of paralleled
current sources representing the harmonics of the drain current.

For theoretical simplicity, the amplitude of the funda-
mental is assumed to be proportional to the total effective
(switched-on) width. The output resistance is modeled in
parallel to the current sources and inversely proportional to the
total effective width. Ideally, the series resonator only allows
the fundamental component /g to pass through. Therefore,
by neglecting the higher harmonics and using the superposition
theory, the output signal equals Voutr = Vour,m + Vour,p
where Vour,m and Vour,p are the contributions of the main
and peak DPAs to the output signal, given in (3) and (4)
at the bottom of this page. R is the load resistance seen
from the matching network, Rp o is the output resistance
of a unit transistor with Wy width, and Kj; and Kp are
the ratio of total width of the activated sub-PA cells of the
main and peak DPAs to the unit transistor, respectively. Lp is
dc-feed inductance (implemented by wirebonds in this work),
and wo is the radian center frequency. Since the variation
of the transistors total output capacitance is small (<3%),

Kyl
Vour,m = - - - (3)
Ku/Rpo+ j(1—q3) /(a3 Lpwo) + jLpwo/(4R? — 4R /g% + j4R.Lpwo(l + KpR1/Rpo))
Kplm
Vour,p = )

Kp/Rpo+j(1—q3)/(g5Lpwo) + 1/RL + jLpan/(4R? —4R1/q% + j4R3 LpwoKm/Rpo))
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we consider Cp as constant. Therefore, the ACW-AM and
ACW-phase modulation (PM) functions can be easily calcu-
lated as AMoyut = (VéUT’Re—i— \%UT’M)I/2 and ¢our =
arctan(Vour,1m/ VouTt,re)- In contrast to the output phase,
the normalized output amplitude is not a strong function of
qp, therefore by assuming gp = 1 for theoretical simplicity,
the output amplitude can be calculated as follows:

AMour
~ Rpolm
o Ky n Kp
Ky + _ Rhy Kp+ Roo Rho
M 4KpRZ+4R. Rpo PR T dkyR?
2Ky KpR? + Ky Rr Rpo
= Rpoly1 % L 5)

KuKpR? + KyRLRpo + R3o/4
By assuming Kp, Kp > Rpo/Rr, the normalized

ACW-AM can be approximated by

4Ky KpKE +2KuKNL

AMyom (K, Kp) ~
Nom (Kot Ke) KK, + 4Knt K+ 1

(6)

where Kn.. = Rr/Rpo is defined as the nonlinearity factor.
In a linearly sized array, for ACW < ACWwp Max, Ky =
ACW, and K p = 0; otherwise, Ky = ACWnp Max and Kp =
ACW —ACWpp Max- The calculated ACW-AM/PM curves and
the full-circuit (differential class-E DPA with real transistor
model and TL-based Merchand balun) simulation results are
plotted in Fig. 9, showing a reasonable (ACW-PM) to good
agreement (ACW-AM) between the proposed model and the
real circuit simulation results. As can be seen, although a
switch-mode (class-E) DPA is a nonlinear time-variant circuit,
the proposed LTI model provides good insight in predicting the

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 67, NO. 10, OCTOBER 2019

Simplified single-ended Norton equivalent LTI model of (a) digital Doherty PA, (b) main DPA for ACW < ACWpyp Max, (¢) main DPA for
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Fig. 10. (a) ACW-AM curve of a 10-bit Doherty DPA with and without an

ideal DPD, the inverse of ACW-AM curve. (b) Effect of 10-bit nonuniform
quantizer on the output spectrum, compared with an ideal 10-bit quantizer
and 13-bit nonuniform quantizer.

nonlinearity behavior of the Doherty DPA for the fundamental
band.

IV. SYSTEM-LEVEL DESIGN CONSIDERATION

As explained in Section III, a Doherty DPA with con-
ventional uniform array and single-phase RF-clocking is
highly nonlinear as characterized by its static ACW-AM and
ACW-PM curves. Such nonlinearities are typically corrected
using DPD, which can lead to nonuniform quantization effect
[17], [32]. In addition, in a polar PA, since the AM and
PM signal paths are different from each other, they will
have different time delays, thus requiring delay adjustments
before reaching the final stage of the DPA. Furthermore, in a
Doherty configuration, the paths of main and peak PAs are
also different from each other, thus requiring timing alignment
between these two branches. In the following, these system-
level design considerations are explained in more detail.

A. Nonuniform Quantization

Although DPD is very common for linearizing a nonlinear
PA, the cascaded combination of DPD and an N-bit DPA with
a highly nonlinear ACW-AM curve constructs a nonuniform
quantizer. Such a nonuniform quantizer cannot achieve the
dynamic range (DR) and linearity levels as expected from an
ideal N-bit quantizer (i.e., the DPA). In Fig. 10, the ACW-AM
curve of a 10-bit Doherty DPA with and without an ideal DPD,
the inverse of ACW-AM curve, the probability distribution
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(a) EVM and ACPR of a 16-MHz OFDM signal versus AM-PM/main-peak timing mismatch. (b) EVM and ACPR with 300-ps AM-PM timing

mismatch versus signal bandwidth. (¢) EVM and ACPR with 300-ps main-peak timing mismatch versus signal bandwidth. (d) Block diagram of AM-PM and
main-peak timing mismatch correction in a digital polar TX with Doherty DPA.

function (PDF) of atypical quadratic-amplitude modulation
(QAM) signal, and the zoomed-in view around the transition
point where the peak DPA starts operating are plotted. As can
be seen, the quantization levels at small ACWs for both the
main and peak DPAs are much higher than at larger ACWs.
This is due to the fact that the slope of the nonlinearized
ACW-AM curve significantly decreases as the ACW increases.
The PDF of a QAM signal has its peak around the transition
point, where the slope suddenly increases as the peak DPA
turns on. Therefore, the rms power of the quantization noise
varies dynamically with variation of the signal’s amplitude,
leading to degradation of output spectral purity. In Fig. 10(b),
the effect of this phenomena on the output spectrum is shown
and compared with an ideal 10-bit quantizer, and a nonlinear
13-bit DPA after ideal DPD. Therefore, compensating for such
nonidealities, requires about 2-3 extra bits in the DPA and
the whole preceding digital processing blocks, increasing the
complexity, area, and power consumption.

B. AM—PM Timing Mismatch

The AM and PM signals in a polar TX are separated
from each other. After the CORDIC block at the input,
the baseband digital AM signal can be directly applied to
the DPA array, while the digital baseband phase data are first
upconverted to the RF carrier signal by a phase modulator, thus
becoming a passband signal, and then applied to the DPA cells.
Consequently, these two signals pass through totally different
channels with different timing delays. Because of the band-
width expansion of the AM and PM signals, any timing mis-
match will significantly degrade the adjacent channel power
ratio (ACPR) and EVM. Increasing the input signal bandwidth
makes it even more challenging to achieve a good linearity
since it directly increases the impact of time alignment errors,
as shown in Fig. 11(a) and (b). For example, for a signal
bandwidth of 32 MHz, the timing mismatch should be less
than 100 ps to have enough margin for ACPR<—50 dBc
and EVM <—45dB after linearization. Therefore, as shown
in Fig. 11(d) for a single DPA, tunable delay cells should
be used in the AM/PM signal paths to correct for the timing
mismatch between them.

C. Main-Peak Timing Mismatch

In a Doherty PA, the output signals of the main and peak
DPA pass through transmission lines with different lengths,

thus seeing different delays, which can degrade the ACPR
and EVM significantly. The simulated effect of such a timing
mismatch on ACPR and EVM is shown in Fig. 11(a) and (c).
In a typical analog Doherty PA shown in Fig. 2(a), the output
of the main PA passes through a QWTL, while at the input,
the input of the peak PA passes through a QWTL. Therefore,
the overall input—output signals of the main and peak DPA
are automatically self-aligned and there is ideally no timing
mismatch between them (note that in practical implementa-
tions, the different impedance terminations of the lines can
strongly degrade this property). However, in a digital Doherty
PA as shown in Fig. 11(d), while the phase of the carrier
signals is corrected by applying a 90° phase-offset, the output
signals are not automatically self-aligned. Therefore, this delay
difference should be compensated accurately, which can be
done in the digital domain. Furthermore, it is interesting
to see in Fig. 11(a) that for an OFDM signal, EVM and
ACPR are more sensitive to main—peak timing mismatch than
AM-PM timing mismatch.

V. CIRCUIT-LEVEL LINEARIZATION

As explained in IV-A, a digital Doherty PA is, in fact,
so nonlinear that even with an ideal DPD, the nonlinear-
ity lowers the effective number of bits, thus reducing the
DR of the output signal [32]. In this work, the DPAs are
made intrinsically linear by using three different circuit-level
techniques: nonlinear sizing and overdrive-voltage control
for ACW-AM correction, and multiphase RF-clocking for
ACW-PM correction [16]-[18]. Therefore, not only the burden
on DPD for strict cellular wireless standards is reduced but
also the ACW-AM and ACW-PM distortions are corrected well
enough to pass the WiFi mask even without using DPD. In the
following, these techniques are described in detail.

A. ACW-AM Correction

In a conventional DPA, as shown in Fig. 7(a), the sub-PA
cells in the array are sized linearly, meaning that as the input
ACW increases, the effective width of the total active cells
(WEfr) increases linearly. Linear sizing can result in substantial
ACW-AM distortion as shown in Fig. 7(b). Assuming a width
of Wy for a unit cell, the effective width of the array is
ACW - Wp. In this work, as shown in Fig. 12(a), in order to
linearize the ACW-AM conversion, the sub-PA cells in both
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Fig. 12.
Doherty PA. (b) Total width of the main and peak DPA versus ACW and
the resulting linear ACW-AM curve.

(a) Concept of nonlinear sizing to its full extend in a digital

of the main and peak are sized nonlinearly, meaning that as
the ACW increases, the effective size of the total active cells
increases nonlinearly. Assuming an N-bit fully thermometer-
coded array comprising 2V — 1 cells, the transistors cor-
responding to small ACWs are sized smaller than Wy, and
the transistors corresponding to large ACWs are sized larger
than Wy. This yields a linear ACW-AM conversion, as shown
in Fig. 12(b). By calculating the inverse function of (6) for
main and peak DPA, and then scaling its maximum to the
same total width of ACWyp, max - Wo, the widths of the main
DPA transistors corresponding to each ACW, are initially
calculated by

ACWM. Wy
1% ACW] = ’
B, MNLL ] 1 + 4KNL(ACWnp,Max — ACWi)

)

The widths of the peak DPA transistors corresponding to
each ACWp are given in (8), shown at the bottom of this
page, where Fwp is given in (9), shown at the bottom of this
page.

Due to the impact of other nonidealities, it is more practical
to extract Wggr by actually simulating the ACW-AM curve of
a linearly sized DPA, then calculating the inverse curve and
scaling its maximum to ACWyp, Mmax. Wo. Using (7), the width
of each transistor corresponding to each ACW is calculated
by Wesr,NLIACW] — WEgr NLIACW — 1]. Obviously, for a
nonlinearly sized N-bit DPA, this results in 2N _ 1 different
transistors sizes, requiring fully thermometer coding, which
results in high power consumption in the drivers stages.
Therefore, in order to benefit from the well-known binary-
unary segmentation [46] to reduce the array complexity and
power consumption, segmented nonlinear sizing is used in this
work. In a segmented nonlinearly sized DPA, as shown in
Fig. 13(a), the array is divided into N segments with the same
ACW range but different total sizes. Although the effective
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Fig. 13. (a) Concept of segmented nonlinear sizing shown for a single DPA.
(b) Resulting ACW-AM curve for a Doherty DPA with eight segments in each
main/peak DPAs.
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Fig. 14. Concept of multiphase RF-clocking for ACW-PM correction shown
for a nonlinearly sized Doherty DPA.

size of the active cells inside each segment increases linearly,
the overall effective size of the total active cells increases
nonlinearly such that the resulting Wgi[ACW] curve is a
piecewise linear version of the original fully nonlinearly sized
WE[ACW] curve. Since the cells inside each segment are
sized linearly, it is possible to apply binary-unary segmentation
to reduce the power consumption by the drivers. By increasing
the number of the segments, the overall linearity improves.
It has been shown in [17] that eight segments are enough to
lower the ACPR and EVM to an acceptable level with enough
margin for other sources of nonlinearities. The simulated
ACW-AM curve of segmented nonlinearly sized Doherty DPA
with eight segments in each main/peak DPAs is plotted in
Fig. 13(b), showing significant improvement in ACW-AM
linearity over a Doherty DPA using uniformly sized arrays.
As can be seen from (7) and (8) for a nonlinearly sized
array, the optimum sizes of the sub-PA cells depend on the
nonlinearity factor Kni. = Ry /Rpo. However, after fabrica-
tion or during the operation of the chip, the load or frequency
may change, which will change Ry . In addition, the process/
voltage/temperature variations will change Rpg, thus changing
Kni, from its desired design value. Consequently, the resulting
ACW-AM curve will somewhat deviate from its optimum
linearity in a practical implementation. To correct for this,

FwpACWMmp Max KL + Fwp/4 — ACWvp Max KNL/2

WEst, P, NLIACW] = W,

Fwp = ACWp

ACWyp Max K I%IL — FwpK I%IL ACWMP,Max
AMnNorm (ACWMP,Max, ACWMP,Max) — AMNorm (ACWwmp Max, 0)

)

ACWmp, Max

+AMNorm (ACWMP,Max ) O) (9)
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(a) Overall structure of main/peak DPA. (b) Conceptual layout of the nonlinearly sized array where only the output MSB transistors are shown.

(c) Realized sizing of the MSB sub-PA cells of the main and peak DPA compared to a conventional uniform array with the same total size.

we can tune Kni, by tuning the ON-resistance of the transistors.
Since Rpo = (Wo/L x K, x Vop)~! [47], we can tune Knr.
by controlling the overdrive-voltage Vop. To facilitate this, the
VDD of the buffers that drive the output transistors is tuned.
Therefore, the peak voltage of the RF clock changes, changing
the overdrive-voltage Vop = Vgs — Vrpy, consequently,
the ACW-AM curve can be linearized back to its desired
level. The details of the circuit-level implementation will be
described in Section VI.

B. ACW-PM Correction

In a conventional DPA with single-phase RF-clocking, all of
the sub-PA cells are driven by the same (modulated) RF clock.
In energy-efficient class-E like DPAs that reliy on reactive
loading, the variation of the ON-resistance of the transistor
with ACW variations yields significant ACW-PM distortion
as shown in Fig. 9(b). To correct for this, a concurrent multi-
phase RF-clocking technique is used to reduce the ACW-PM
conversion. For a single DPA line-up, the resulting AM—PM
curve using five multiphase RF clocks is shown in Fig. 14.
In this technique, different phases of RF clocks are applied
to various segments of the DPA array. The output currents of
these segments are summed; thus, the overall output phase is
averaged, resulting in a considerable reduction of ACW-PM
distortion.

The delayed RF clocks are generated by a bank of delay
lines. Since their delay can change due to PVT varia-
tions, or the ACW-PM curve itself can also change due to
variations in the load or frequency, the delay lines are designed
to be partly digitally programmable in order to compensate
for the PVT/load/frequency variations. Once the ACW-PM is
flattened, the