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Abstract— A quadrature digital power amplifier (PA) with
hybrid Doherty and impedance boosting (HDIB) technique is
presented for deep power back-off (PBO) efficiency enhancement
in the complex domain. Less power-combining ways and dc
power supplies are required for proposed PA comparing to
previously reported works with deep PBO efficiency enhance-
ment. A reconfigurable matching network (RMN) based on a
novel reconfigurable transformer is proposed with more free-
dom to achieve a flexible load impedance tuning range of
the sub-PAs. The characteristics of the reconfigurable trans-
former based on tunable inductors are analyzed. Efficiency
enhancement is achieved at 3-/6-/9-/12-/15-dB PBOs without any
supply switching or PA short-switches. The PA is fabricated
in 40-nm CMOS technology with a core size of 0.83 mm2.
Operating at 2.3–3.4 GHz, it introduces 24.2-dBm peak Pout

with 38.5% peak drain efficiency (DE) at 2.8 GHz. It achieves
38.5%/29.6%/18.4% at 2.8 GHz and 34.7%/26.6%/17.8% DE at
3.3 GHz for 0-/6-/12-dB PBO, 39.3%/29.5%/14.9% at 2.8 GHz,
and 35.3%/27.9%/15.9% DE at 3.3 GHz for 3-/9-/15-dB PBO,
respectively. For 10-MHz 256-QAM modulation signal, it delivers
16.22-/15.50-dBm average Pout with EVM of −32.3/−33.0 dB,
average DE of 24.6%/22.7%, and ACLR of −33.20/−31.54 dBc
at 2.8/3.3 GHz, respectively. For 20-MHz 64 QAM modulation
signal, it exhibits 16.42-/15.52-dBm average Pout with EVM
of −29.1/−29.3 dB, average DE of 24.9%/22.78%, and ACLR
of −30.78/−30.74 dBc at 2.8/3.3 GHz, respectively.

Index Terms— Doherty, impedance boosting, power back-off
(PBO), quadrature digital power amplifier (PA), reconfigurable
transformer.
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I. INTRODUCTION

THE increasing data throughput of wireless communica-
tion systems favors spectral-efficiency modulation signals

with high peak-to-average-power ratios (PAPRs). Therefore,
the efficiency at the power back-off (PBO) region of the
power amplifiers (PAs) or transmitters (TXs) is critical to
decrease the power consumption of the RF front end. To cover
multiple communication standards (e.g., LTE, 5G, Bluetooth,
and Wi-Fi) with low cost and compact size, wideband PAs
with high average efficiency are demanded.

Many techniques are developed to enhance the PA efficiency
at PBO levels, such as envelope-tracking [1]–[4], Doherty
[5]–[12], Class-G [13]–[15], and load modulation [16]–[21].
The supply modulator in envelope-tracking PA changes the
supply voltage, which tracks the envelope of modulation
signal to improve PBO efficiency. However, large bandwidth
and dynamic ranges of the supply modulator become the
performance bottleneck. Doherty PA achieves efficiency peak
at PBO by cooperated main/auxiliary PAs and active load
modulation. Class-G PA provides additional efficiency peaks
at PBOs with switched supply voltages, although the effi-
ciency discontinuity caused by supply switching degrades
the efficiency enhancement compared to Doherty PA. Load
modulation usually employs a large switch at the sub-PA’s
output to modulate the load impedance. However, the switch
can cause bandwidth limitation, reliability issue, and degraded
signal integrity from the dc current discontinuities.

To further improve the PA efficiency at deep PBO
levels, several techniques are introduced. Multi-ways
Doherty [22]–[25] achieves multiple efficiency peaks at PBOs
with a relatively larger size. Power-controlled outphasing
architecture [26]–[28] adopts two efficient PAs amplifying
modulation signals with a constant envelope decomposed
from the input signal. However, the efficiency enhancement
at deep PBOs is degraded due to the increasing loss of
power combiner and constant power consumption of driver
circuits. Moreover, Class-G Doherty PA [29], [30] achieves
efficiency peaks at 6- and 12-dB PBOs with extra hardware
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overhead. Switched transformer PA [21] generates multiple
efficiency peaks, while it requires extra hardware overhead
including short switches in PA unit cells and multi-way
power combining structure. Subharmonic switching (SHS)
technique [31], [32] in combination with Class-G requires
multiple power combined ways to achieve efficiency
improvement. Moreover, the Class-G operation in these works
needs supply switching to further improve the efficiency
at PBO.

Meanwhile, digital polar architecture is often used in avail-
able techniques with PBO enhancement due to its flexibil-
ity with digital controlled output power and high energy
efficiency. It adopts a complex coordinate rotation digital
computer (CORDIC) for Cartesian-to-polar conversion and
phase modulator (PM) compared to the quadrature digital
PA. The spectrum expansion of Cartesian-to-polar conversion
increases the necessary bandwidth of PM. The delay synchro-
nization between the amplitude and phase paths should also be
minimized to decrease the signal distortion. In contrast, digital
quadrature PA [33]–[39] exhibits a simple structure without
PM, CORDIC, and delay synchronization issues, which has a
potential advantage for high data-rate transmission. However,
it is still challenging for the efficiency enhancement at deep
PBOs in the complex domain for existing techniques.

In this article, we propose a quadrature digital PA [40] with
a hybrid Doherty and impedance boosting (HDIB) technique
for deep PBO efficiency enhancement in the complex domain.
It achieves efficiency peaks at 3-/6-/9-/12-/15-dB PBO over
2.3–3.4 GHz without supply switching or switches to short
the sub-PA output. A reconfigurable matching network (RMN)
with a reconfigurable transformer is introduced to realize
the impedance boosting. This article is organized as follows.
In Section II, the theoretical analysis of the quadrature digital
PA with HDIB is discussed. The detailed circuit implementa-
tion is described in Section III. Section IV presents the mea-
surement results and comparison with state-of-the-art works,
and Section V concludes this article.

II. THEORY OF OPERATION

A. Review of Multi-Way Doherty and Class-G Doherty PA

The Doherty PA exhibits efficiency enhancement at PBO
and high average efficiency, which is demanded in modern
wireless transmitter systems. To further improve the PBO
efficiency, the multi-ways Doherty [22]–[25] and Class-G
Doherty PAs [29], [30] are introduced with multiple efficiency
peaks at PBO. Fig. 1 illustrates the schematic, load impedance,
and voltage/current trajectories of a typical three-way Doherty
PA. Two efficiency peaks are generated, which leads to the
improved average efficiency of PA. It, nevertheless, employs
complex power combining circuits, which is inefficient at
deep PBO and challenging to achieve wideband operation.
Moreover, as shown in Fig. 2, the typical Class-G Doherty
PA [29], [30] achieves efficiency peaks at 6- and 12-dB PBOs.
However, the supply switching in Class-G PAs introduces
extra hardware overhead, possible linearity degradation from
the supply discontinuity, and bandwidth challenges from the
supply modulation effect.

Fig. 1. (a) Schematic and (b) load impedances, voltage/current trajectories
for the main/auxiliary PAs, and efficiency of a three-way Doherty PA.

Fig. 2. (a) Schematic and (b) load impedances, voltage/current trajectories
for the main/auxiliary PAs, and efficiency of a Class-G Doherty PA.

Fig. 3. (a) Schematic and (b) load impedances, voltage/current trajectories
for the main/auxiliary PAs, and efficiency of the HDIB PA.

B. Operation of HDIB PA

The simplified schematic of the HDIB PA is shown
in Fig. 3(a). Conventional Doherty PA adopts active load
modulation by cooperated main and auxiliary PAs with the
fixed passive matching network [5]. In contrast, the pro-
posed HDIB PA utilizes RMN for power combining of its
main and auxiliary PAs to enhance the deep PBO efficiency.
By changing the mode of RMN, the passive input impedance
of the RMN is boosted from Ropt (PBO from 0 to 6 dB)
to 4Ropt (PBO ≥ 6 dB). This impedance boosting of RMN
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TABLE I

DETAILED OPERATION STATES IN DIFFERENT MODES OF PROPOSED PA

Fig. 4. (a) Simplified architecture and load impedance and (b) efficiency
curves and constellation with corresponding operation states in complex
domain of proposed quadrature digital quadrature PA with HDIB.

combined with the active load modulation of the Doherty
operation produces the theoretical load impedance trajectories
in Fig. 3(b). By manipulating the device’s current of HDIB PA,
the output voltage of the main PA is maintained constant at
PBO ≤ 12 dB, which is similar behavior as the three-way
Doherty PA in Fig. 1(b). Comparing to Class-G Doherty
PA in Fig. 2(b) with discontinued output voltage, the HDIB
PA has potentially better linearity. Meanwhile, only two-way
power combining is required for HDIB PA, which is more
compact comparing to the three-way Doherty PA. This method
can be applied and extended to conventional analog PAs and
digital PAs.

C. Operation of Quadrature Digital PA With HDIB

A digital quadrature PA with the aforementioned HDIB
technique is proposed, as shown in Fig. 4(a). Both the
main and auxiliary PAs are comprised of quadrature sub-PAs
(I and Q sub-PAs) with the digitally controlled current. All
the sub-PAs are assumed to be identical and combined by
the RMN for quadrature vectors summation and active load
modulation. There are two modes for the RMN. In mode I,
the passive input impedance of RMN is low-state (Ropt).
In mode II, the passive input impedance of RMN is high-state
(4Ropt). The load impedance of the main PA is doubled as
the auxiliary PA turned off gradually. Both modes I and II

show the Doherty operation, as shown in Fig. 4(a). The load
impedance of the main PA in modes I and II is varying from
Ropt to 2Ropt and 4Ropt to 8Ropt, respectively. At least six
efficiency peaks are generated in the complex domain of the
output vectors, as illustrated in Fig. 4(b). For example, effi-
ciency peaks are produced at operation states a©, b©, c©, and
d© for PA output vectors with phase-I (45◦/135◦/225◦/315◦);

efficiency peaks are produced at operation states e©, f©, g©,
and h© for PA output vectors with phase-II (0◦/90◦/180◦/270◦).
From 0- to 6-dB PBO with phase-I and 3- to 9-dB PBO with
phase-II, the RMN is in mode I. For PBO > 6 dB with phase-I
and PBO > 9 dB with phase-II, the RMN is in mode II.

The detailed operation states ( a©– h©) of the proposed digital
quadrature PA with HDIB are depicted in Fig. 5 and Table I.
At state a© with maximum output power, both main and
auxiliary PAs are fully on with output current of

√
2Imax. The

RMN is at mode I providing both PAs’ load impedance of Ropt.
From 0- to 6-dB PBO in phase-I, the auxiliary PA is turned
off gradually, while the current of the main PA is decreased to√

2Imax/2. At state b©, the load impedance seen by the main
PA is increased to 2Ropt due to the load modulation of the
Doherty operation. Therefore, the efficiency peak at 6-dB PBO
is restored. At state c©, main and auxiliary PAs are equally on
with quarter of their maximum current (

√
2Imax/4). The load

impedance is boosted to 4Ropt when the RMN is at mode II.
The output power and output voltage at state c© is the same as
state b©. Hence, the efficiency is maintained 100% in an ideal
case. Below 6-dB PBO in phase-I, the RMN is at mode II.
From 6- to 12-dB PBO, the Doherty operation is performed
again to restore the efficiency peak at 12-dB PBO (state d©),
while the load impedance of main PA increases from 4Ropt

to 8Ropt. For the operation states with phase-II ( e©, f©, g©,
and h©), the mechanism is similar as phase-I with dual-mode
RMN. Note that, the in-phase or quad-phase sub-PAs of main
and auxiliary PAs are fully off with 3 dB lower output power
comparing to phase-I. Three efficiency peaks are achieved
at 3-, 9-, and 15-dB PBOs at phase-II. Table II compares
the existing and proposed techniques for PBO efficiency
enhancement. Most of the existing techniques adopt multiple
power-combined ways, which leads to relatively large circuit
size. Class-G digital polar has no power combining with com-
pact circuit size. However, it requires multiple power supplies,
extra PM, and CORDIC. The proposed digital quadrature PA
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Fig. 5. Typical operation states of the digital quadrature PA with HDIB.

TABLE II

COMPARISON OF EXISTING AND PROPOSED TECHNIQUES

FOR PBO EFFICIENCY ENHANCEMENT

with HDIB adopts only two power-combined ways to generate
six efficiency peaks. The data rate is potentially larger without
PM and CORDIC for the proposed architecture. Therefore,
the proposed technique exhibits merits in deep PBO efficiency,
circuit size, and data rate.

III. CIRCUIT IMPLEMENTATION

A. System Architecture

The simplified block diagram of the digital quadrature PA
with HDIB is shown in Fig. 6. The main and auxiliary PAs
are formed by the same sub-PA arrays, including differential
in-phase/quad-phase sub-PAs. The sub-PA operates as the
type of Class-E. The digital PA is controlled by 4 × 9-bit
baseband I/Q code. To decrease the circuit complexity, each
sub-PA is segmented into 5-bit unary-weighted MSB cells and

4-bit binary-weighted LSB cells. The PA unit cell is formed
by switching cascade circuit in coordination with the signal
from multiplied baseband data and LO. The transistors sizes
for the MSB and LSB unit cells of the sub-PA array are
50 μm/40 nm, 25 μm/40 nm, 12.5 μm/40 nm, 6.25 μm/40 nm,
and 3.125 μm/40 nm, respectively. Fig. 7 shows the detailed
floorplan of the proposed digital PA sub-array, including the
unit cells, interconnection, dummy cells, and drivers. The
baseband signal is re-sampled by the D flip-flop for better
synchronization of parallel data. The RMN is composed of a
reconfigurable transformer and switched capacitors. It com-
bines the power from two-way differential sub-PA arrays
and achieves the necessary impedance conversion from the
50-� output load. The impedance boosting is also realized
by changing the mode of RMN to achieve HDIB operation.
A frequency divider generates quadrature LOs with a 50%
duty cycle from the differential 2 × LO RF inputs. The sign
map can be used to determine the quadrant of the output
signal [39], [41], [42]. In this work, the signs of the quadrature
LOs can be switched by the sign-map circuit according to two
sign bits (i.e., SI and SQ). In each sub-PA, the two on-chip
1:10 deserializers are used to convert the serial I/Q BB signals
to parallel I/Q BB signals, respectively. Each deserializer has
one input port for input serial BB signal, two input ports for
clocks, and ten output ports for parallel BB signals (including
9-bit I/Q BB codes for DPA control and 1-bit sign bit for
sign-map control). The single supply of 1.1 V is adopted for
the PA.

B. RMN With Reconfigurable Transformer

1) Tunable Inductor: To achieve at least four times
impedance tuning range for the HDIB operation, the imple-
mentation of RMN is pivotal. We propose a reconfigurable
transformer based on a tunable inductor. The simplified cir-
cuit model of the tunable inductor is exhibited in Fig. 8(a).
The tunable inductor is composed of a main inductor L1,
an auxiliary inductor Lt , and a tunable capacitor Ct . L1 and
Lt are magnetic coupled with the coupling factor of kt . Lt is
connected directly with the tunable capacitor Ct . The magnetic
flux of the main inductor is manipulated by the induced
current It through Lt , while It is related to Lt , Ct , and kt .
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Fig. 6. Simplified block diagram of the proposed HDIB digital quadrature PA.

Fig. 7. Floorplan of the PA-sub array.

The equivalent inductance Lep is derived as

Lep = L1 + ω2 Lt Ct

1 − ω2 Lt Ct
k2

t L1. (1)

To analyze the quality factor of practical tunable inductor,
the circuit model with parasitic resistance is used, as shown
in Fig. 8(b). R1 is the parasitic resistance of L1, and Rt is
the total parasitic resistance of Ct and Lt . The equivalent
inductance Lep, resistance Rep, and quality factor Qep of the
tunable inductor are derived as follows:

Leq = L1 + L1 Lt Ct k2
t ω

2
(
1 − Ct Ltω

2
)

(
Ct Ltω2 − 1

)2 + R2
t C2

t ω2
(2)

Req = R1 + C2
t Lt L1 Rt k2

t ω
4

(
Ct Ltω2 − 1

)2 + R2
t C2

t ω
2
. (3)

Fig. 8. (a) Simplified circuit model of the tunable inductor. (b) Circuit
model with parasitic resistance. (c) Equivalent inductance and quality factor
versus Ct . (d) Equivalent resistance and quality factor versus Rt .

Fig. 8(c) shows calculated Lep and Qep versus Ct under
given components value as an example. Lep has large tuning
range with various Ct . Meanwhile, Qep is affected by Ct

significantly, as exhibited in Fig. 8(c). Hence, Ct should be
chosen considering both Lep and Qep. Fig. 8(d) gives the
calculated Rep and Qep versus Rt . With Rt from 0 to 50 �,
Rep increases from 1 to 2 �, which is dominated by R1 (1 �)
and has low relativity to Rt . Thus, the switched capacitor can
be easily implemented without significant degradation of Qep.

2) Reconfigurable Transformer: The reconfigurable trans-
former is formed by two tunable inductors, i.e., the primary
inductor Lep and secondary inductor Les with the equivalent
coupling factor kep, as shown in Fig. 9(a). Lep is dominated by
L p, Lpt, Cpt, and coupling factor kpt between L p and Lpt. Les is
dominated by Ls , Lst, Cst, and coupling factor kst between Ls

Qeq =
(
1 − C2

t L2
t

(
k2

t − 1
)
ω4 + Ct

(
R2

t Ct + Lt
(
k2

t − 2
))

ω2
)
ωL1

C2
t Lt

(
L1 Rt k2

t + R1 Lt
)
ω4 + Ct R1

(
R2

t Ct − 2Lt
)
ω2 + R1

(4)
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Fig. 9. (a) Simplified circuit model of the reconfigurable transformer.
(b) Circuit model of the reconfigurable transformer with parasitic resistance.

Fig. 10. Calculated transformer parameters versus Cpt.

Fig. 11. Calculated Les, Lep, Nep, kep, Qes, and Qep versus Cpt and kw2
(L p = Ls = 1 nH, Lpt = Lst = 0.5 nH, Rp = Rs = Rpt = Rst = 1 �, Cst =
1 pF, Frequency = 3 GHz, kps = 0.7, kpt = kst = 0.5, and kw1 = kw3 = 0.1).

and Lst. The detailed circuit model considering the parasitic
resistance is shown in Fig. 9(b). Weak coupling also exists
for L p and Lst with coupling factor kw1, Ls , and Lpt with
coupling factor kw2, Lst, and Lpt with coupling factor kw3.
Hence, the equivalent inductance Lep and Les and the coupling
factor kep are also affected by the unwanted EM coupling.
The equivalent inductance Lep and Les, equivalent quality
factor Qep and Qes, and equivalent resistance Rep and Res

are calculated, as shown in the Appendix. The calculated Lep,
Les, kep, Nep, Rep, Res, Qep, and Qes versus Cpt are shown

Fig. 12. Calculated Les, Lep, Nep , kep, Qes, and Qep versus Cpt and kw3
(L p = Ls = 1 nH, Lpt = Lst = 0.5 nH, Rp = Rs = Rpt = Rst = 1 �, Cst =
1 pF, Frequency = 3 GHz, kps = 0.7, kpt = kst = 0.5, and kw1 = kw2 = 0.1).

Fig. 13. Calculated Les, Lep, Nep , kep, Qes, and Qep versus Cpt and kw1
(L p = Ls = 1 nH, Lpt = Lst = 0.5 nH, Rp = Rs = Rpt = Rst = 1 �, Cst =
1 pF, Frequency = 3 GHz, kps = 0.7, kpt = kst = 0.5, and kw2 = kw3 = 0.1).

in Fig. 10. Lep is increased from 1 to 2.2 nH with larger Cpt,
while Les is changed slightly with larger Cpt. Nep is tuned by
Cpt from 1.03 to 0.7, and kep is decreased from 0.69 to 0.62.
Rep is increased significantly with larger Cpt, which leads to
lower Qep. The impact of Cpt on Res and Qes is much smaller
comparing to Rep and Qep since kw2 (i.e., 0.1) is set to be
much lower than kps (i.e., 0.7) in Fig. 10.

To evaluate the impact of kw2, the calculated Les, Lep, Nep,
kep, Qes, and Qep versus Cpt and kw2 are plotted in Fig. 11. Les

varies from 1.05 to 3.4 nH as kw2 increasing from 0.1 to 0.7,
while Lep and Qep are the same with different kw2. Qes is
deteriorated as kw2 increasing and Cpt > 2 pF. Nep and kep are
also increased with larger kw2. The impact of kw3 is weaker
compared to kw2, as exhibited in Fig. 12. The variation of
Les, Lep, Nep, kep, and Qep across kw3 is relatively small.
Nevertheless, Qes is still deteriorated with larger Cpt and kw3.
The impact of kw1 is plotted in Fig. 13. Les and Qes are the
same with different kw1’s. Lep, Qep, and kep are increased
slightly with larger kw1, while Nep is decreased with larger kw1.
The calculated Les, Lep, Nep, kep, Qes, and Qep versus Cpt and
Cst are illustrated in Fig. 14. The impact of Cst on Les and
Qes is similar as the impact of Cpt on Lep and Qep. Les (Lep)
increases with larger Cst (Cpt), and Qes (Qep) decreases with
larger Cst (Cpt). Nep increases with larger Cst and decreases
with larger Cpt. kep decreases with larger Cpt or Cst.
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Fig. 14. Calculated Les, Lep, Nep, kep, Qes, and Qep versus Cpt and Cst
(L p = Ls = 1 nH, Lpt = Lst = 0.5 nH, Rp = Rs = Rpt = Rst = 1 �,
Frequency = 3 GHz, kps = 0.7, kpt = kst = 0.5, and kw1 = kw2 = kw3 = 0.1).

Fig. 15. Schematic of (a) conventional two-way differential PAs combined
matching network, (b) proposed two-way differential PAs combined RMN in
series, and (c) folded form of the two-way differential PAs combined RMN.

3) Design of RMN With Reconfigurable Transformer:
The RMN is implemented using the reconfigurable trans-
former for the two-way differential power combining and
impedance matching of HDIB PA. Comparing to the conven-
tional two-way differential PAs combined matching network
[see Fig. 15(a)] [16], [43], the proposed two-way differential
PAs combined RMN is modified [see Fig. 15(b)] and folded
[see Fig. 15(c)] to decrease the circuit size.

The reconfigurable transformer is finally implemented using
a single-transformer footprint, as shown in Fig. 16. The
primary windings of the transformer adopt main inductors L p

coupled with tuning inductors Lpt located at the inner ring of
the transformer. The secondary windings of the transformer
adopt main inductors Ls coupled with tuning inductors Lst

located at the outer ring of the transformer. Parallel coils for
the main inductors of both primary and secondary windings
are used to improve Q.

The typical inductances of L p, Ls , Lpt, and Lst are 216, 213,
236, and 226 pH. The typical coupling factors of kpsa, kpsb, kpta,
kptb, kst, kw1, kw2 a , kw2b, and kw3 are 0.83, 0.74, 0.63, 0.44,
0.61, 0.6, 0.63, 0.47, and 0.42. The EM simulated Lep, Lep,
Qep, Qes, kep, and Nep/kep of the reconfigurable transformer
versus Cpt and Cst are shown in Fig. 17. Lep varies from
216 to 326 pH, while Les varies from 213 to 344 pH. Note
that, to guarantee acceptable level of Qep and Qes, Cpt and Cst

are limited to be lower than 2 pF. kep is tuned by Cpt and Cst

from 0.7 to 0.85, while Nep/kep changes from 1.25 to 1.37. The
quality factors of switched capacitors Cm (or Ca), Cout1, Cout2,

Fig. 16. Detailed (a) lumped model circuits and (b) layout of the proposed
two-way differential PAs combined RMN.

Fig. 17. EM simulated parameters across Cpt and Cst for the reconfigurable
transformer.

Cpt, and Cst are 171.05, 162.88, 130.63, 157.38, and 157.38 at
2.8 GHz, respectively. The stacked transistors could be used
in the switch design to enhance the reliability of switch. The
capacitor Cout is located at the output of transformer. Cm ,
Ca , and Cout are used to optimize the matching network. The
capacitor Cpt is used to adjust the equivalent inductance of
primary inductor, while the capacitor Cst is used to adjust the
equivalent inductance of secondary inductor.

According to the parameters tuning range of the recon-
figurable transformer in Fig. 17, the impedance tuning area
can be estimated. The simplified equivalent single-end circuits
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Fig. 18. (a) Simplified equivalent single-end circuit with fixed transformer.
(b) Simplified equivalent single-end circuit with reconfigurable transformer.
(c) Comparison of the impedance tuning range.

Fig. 19. (a) Simulated power loss of the transformer with/without the tuning
network. (b) The simulated extra power loss of the transformer with the tuning
network.

with fixed transformer [see Fig. 18(a)] and reconfigurable
transformer [see Fig. 18(b)] are converted from the circuits
in Fig. 15. Both tuning areas of the load impedance are
compared in Fig. 18(c). About 6.8 times impedance tuning
range is achieved with the proposed RMN, which is much
larger than the 2.2 times impedance tuning range of the
conventional circuit in Fig. 18(a). The two operation modes
(mode I and mode II) of the RMN can be chosen with passive
impedance of Za = Zopt and Zb =4 Zopt [see Fig. 18(c)].
Therefore, the proposed RMN exhibits an advantage to achieve
impedance boosting for PA PBO efficiency enhancement with
more freedom. Note that, as shown in Fig. 19(a), the proposed
reconfigurable transformer introduces additional insertion loss
due to the extra coupling to additional inductors and parasitics.
The simulated extra power loss of the transformer with tuning
network (i.e., Lpt, Lst, Cpt, and Cst) is shown in Fig. 19(b).
It is seen that about 0.26- and 0.21-dB additional power losses
could be introduced by the tuning network at 2.8 and 3.3 GHz,
respectively.

The simulated input impedances of the reconfigurable trans-
former with tuning network are shown in Fig. 20. This
simulation did not include the matching capacitor Ca , Cm ,
and Cout in Fig. 16(b). It can be seen that the related
self-resonant frequencies are located at about 9.7 GHz (i.e., Cpt

off, Cst on) and 6.9 GHz (i.e., Cpt on, Cst off), respectively,
which are still far away from the operation frequency range
(i.e., 2.3–3.4 GHz). Note that the self-resonant frequency of

Fig. 20. Simulated input impedance of the reconfigurable transformer.

TABLE III

SETTINGS OF SWITCHED CAPACITORS IN VARIOUS OPERATION MODES

Fig. 21. Simulated load impedances of the proposed HDIB PA for
(a) practical condition and (b) ideal condition.

the proposed transformer could be adjusted by these capacitors
(i.e., Cpt and Cst) to be away from the operated frequency
band. Meanwhile, the switched capacitors in the PA matching
network are reconfigured for lower and higher frequency bands
to improve the performance. Table III shows the settings of
the determined switched capacitors for different modes and
frequency bands. For 0–6-dB PBO (mode I), Cpt is switched
off, which leads to minimized Lep. Cst is set to 1 pF to
increase Les. A larger impedance transform ratio of the RMN
is obtained with lower load impedance. For 6–12-dB PBO
(mode II), Cst is switched off to achieve minimized Les,
while Cpt is set to 1 pF to increase Lep. The simulated real
part of the passive load impedance is boosted by the mode
switching from Ra to Rb at 2.8 GHz [see Fig. 21(a)], while
the imaginary part changes a little. Note that due to the impact
of the parasitic inductance from the routings collecting the
unit cells of sub-PA arrays, the impedance tuning range is
deteriorated compared to the ideal case [see Fig. 21(b)]. In an
ideal condition, the parasitics of routings and sub-PA are not
considered.
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Fig. 22. Simulated code of main and auxiliary PAs (I = Q) versus
normalized output voltage.

In practical implementation, due to the undesired parasitics,
the ratio of Rb to Ra is not equal to the ideal case. Thus,
the proposed DPA would have overlap or discontinuity in the
power range for RMN modes I and II. To solve the problem,
in practical measurement, the number of switched-on unit
cells of main and auxiliary PAs of state c© or g© should be
finely adjusted to achieve the same output power. The adopted
control codes for main and auxiliary PAs under two operation
modes versus output voltage are illustrated in Fig. 22. From
0- to 6-dB PBO in mode I, the real part impedance of main
PA increases gradually due to the decreased current from
auxiliary PA, while the auxiliary PA turned off gradually with
the real part impedance close to infinite at 6-dB PBO. The
passive efficiency of the RMN decreases from 0- to 6-dB
PBO [see Fig. 23(a)]. This is due to an increasing deviation of
load impedance for main/auxiliary PAs. The simulated passive
efficiency of the RMN with optimized impedances is compared
in Fig. 23(a). In optimized conditions, the parasitics of routings
and sub-PA are not considered. The tuning capacitors are
adjusted to optimize the impedance for main and auxiliary
PAs. Since both main and auxiliary PAs are fully on seeing
boosted load impedance after mode switching at 6-dB PBO,
the active load modulation is similar to the case at 0-dB PBO.
The passive efficiency recovers to peak by the mode switching
[see Fig. 23(a)]. From 6- to 12-dB PBO in mode II, the real
part impedance of the main PA also increases due to the
Doherty operation. The passive efficiency decreases again until
12-dB PBO with the auxiliary PA is fully off. Furthermore,
with different settings of RMN (see Table III), the passive
efficiency of the RMN can be improved at lower band and
higher band, as illustrated in Fig. 23(b).

IV. MEASUREMENT RESULTS

The proposed quadrature digital PA with HDIB is fabricated
in 40-nm CMOS technology with a total size of 1.42 ×
1.46 mm2 (see Fig. 24). The chip core size is only 0.83 mm2.
The measurement setup is shown in Fig. 25. The chip is
wire-bonded on a PCB. The 2× LO signal is generated by a
signal generator and converted to differential input signals by
an off-chip balun. Input/output RF signals are fed/measured by
GSSG/GSG probes. The arbitrary waveform generator (AWG)
with four differential channels generates 4 × 9-bit-serial BB
signals, including two differential I/Q signals of main PA and

Fig. 23. (a) Simulated passive efficiency of the RMN at 2.8 GHz.
(b) Simulated passive efficiency of the RMN at 0-dB PBO versus frequency
under different settings.

Fig. 24. Die micrograph.

Fig. 25. Measurement setup.

two differential I/Q signals of auxiliary PA. The matching
control signals are programmed on a PC and up-loaded to an
FPGA. The digital pre-distortion (DPD) algorithm on a PC
is proposed to generate the baseband data and corresponding
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Fig. 26. Measured DE versus Pout at 2.8 and 3.3 GHz.

Fig. 27. Measured system efficiency versus Pout at 2.8 and 3.3 GHz.

matching control signals. Note that the baseband signals from
the AWG and matching control signals from the FPGA should
be synchronized in modulation measurement. Therefore, a trig-
ger signal produced by the FPGA is used to synchronize the
matching control signals with the baseband signal from AWG.
The baseband sampling clock and the deserializer clock are
produced by signal generators. A spectrum analyzer is used
for the output signal measurement.

All the on-chip power consumptions (e.g. the PA array,
encoders, deserializers, frequency divider, and sign map) are
included for the system efficiency calculation. The contin-
uous wave measurement is first taken. For CW measure-
ment, the measured drain efficiency (DE) and versus Pout

with phase-I (BBMI = BBMQ, BBAI = BBAQ) and phase-II
(BBMQ = 0, BBAQ = 0) at 2.8 and 3.3 GHz is shown
in Fig. 26. It achieves 38.5%/29.6%/18.4% DE at 2.8 GHz
and 34.7%/26.6%/17.8% DE at 3.3 GHz for 0-/6-/12-dB
PBO with phase-I, 39.3%/29.5%/14.9% at 2.8 GHz, and
35.3%/27.9%/15.9% DE at 3.3 GHz for 3-/9-/15-dB PBO with
phase-II, respectively. The measured system efficiency (SE)
versus Pout with phase-I (BBMI = BBMQ, and BBAI = BBAQ)
and phase-II (BBMQ = 0, and BBAQ = 0) at 2.8 and 3.3 GHz
is presented in Fig. 27. It achieves 32.7%/24.8%/15.3% SE
at 2.8 GHz and 29%/21.6%/13.9% SE at 3.3 GHz for 0-/6-/
12-dB PBO with phase-I, 32.9%/23.6%/10.4% SE at 2.8 GHz,
and 28.1%/21.7%/12.1% SE at 3.3 GHz for 3-/9-/15-dB PBO
with phase-II, respectively. For CW measurement, the power
consumptions of the PA array and other circuits (including the
encoders, de-serializers, and frequency divider) are 683.2 and
102.6 mW at 2.8 GHz and 660.2 and 108.6 mW at 3.3 GHz,
respectively.

Fig. 28. Measured saturated Pout versus frequency.

Fig. 29. Measured system η (SE) and DE at various PBO levels versus
frequency.

The RMN is reconfigured at different frequencies (band 1
and band 2) and PBO levels to enhance output power and
efficiency. It delivers the maximum output power of 24.2 dBm,
the peak system efficiency of 32.7%, and the peak DE
of 38.5% at 2.8 GHz (see Figs. 28 and 29). The 1-dB
bandwidth is from 2.3 to 3.4 GHz. The measured DE at various
PBO levels versus frequency is also given in Fig. 29. The
measured typical AM–AM and AM–PM distortions of phase-I
at 2.8 GHz are shown in Fig. 30. Note that the I/Q code
of state (c) is finely adjusted to guarantee the same output
power with state (b). As depicted in Fig. 30(b), it shows about
10.85◦ phase jump at the mode switching. Then, 2-D memo-
ryless DPD is performed to minimize all the code dependent
AM–AM, AM–PM, and mode transition distortion around
6-dB PBO. First, I/Q codes for auxiliary PA are swept
from zero to the maximum to obtain the AM–AM/AM–PM
distortion of operation mode I, while all the unit cells of the
main PA are switched on. Second, I/Q codes of main and
auxiliary PAs are swept following the operation in mode II
to obtain the AM–AM/AM–PM distortion of mode II. Third,
the I/Q codes for the state (c) (i.e., Ic/Qc) at 6-dB PBO should
be determined, according to the measured data in previous
steps to achieve the same output amplitude and phase as the
state (b). The states with I/Q codes equal or greater than
Ic/Qc in mode II are not used to guarantee the monotonicity of
the DPD algorithm. The discontinuity between modes I and II
is eliminated. The single LUT is obtained with output signals
in the complex domain constellation for the DPD.

The real-time modulation measurements at 2.8/3.3 GHz for
the 20-MHz 64 QAM, 10-MHz 64 QAM, and 10-MHz
256-QAM signals are shown in Figs. 31–33,
respectively. For the 20-MHz 64 QAM modulation,
the proposed PA transmits 16.42-/15.52-dBm average
power with an average DE of 24.9%/22.78%, EVM of
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Fig. 30. Measured (a) AM–AM and (b) AM–PM distortion (I = Q).

Fig. 31. Measured spectrum and constellation of the 20-MHz 64 QAM signal
at 2.8 and 3.3 GHz.

Fig. 32. Measured spectrum and constellation of the 10-MHz 64 QAM signal
at 2.8 and 3.3 GHz.

Fig. 33. Measured spectrum and constellation of the 10-MHz 256-QAM
signal at 2.8 and 3.3 GHz.

−29.1/−29.3 dB, ACLR of −30.78/−30.74 dBc, and PAPR
of 7.78/8.08 at 2.8/3.3 GHz, respectively. Meanwhile,
for the 10-MHz 64 QAM modulation, it transmits

Fig. 34. Measured far-out spectrum of (a) 2.8- and (b) 3.3-GHz CW signals.

Fig. 35. Measured (a) close-in and (b) far-out output spectrum of
single-sideband signal at full power.

Fig. 36. Measured (a) close-in and (b) far-out two-tone output spectrum with
2-MHz tone-spacing.

Fig. 37. Out-of-band spectrum of the 10-MHz 256-QAM signal at
(a) 2.8 and (b) 3.3 GHz.

16.6-/15.58-dBm average power with EVM of
−30.2/−30.8 dB, ACLR of −34.12/−33.94 dBc, and
PAPR of 7.6/8.02 at 2.8/3.3 GHz, respectively. Moreover, for
the 10-MHz, 256-QAM modulation, it transmits 16.22-/
15.50-dBm average power with an average DE
of 24.6%/22.7%, EVM of −32.3/−33.0 dB, ACLR of
−33.2/−31.54 dBc, and PAPR of 7.98/8.10 at 2.8/3.3 GHz,
respectively.

As shown in Fig. 34, the proposed DPA shows
−25-/−28-dBc suppression for the second harmonic and
−20-/−26-dBc suppression for the third harmonic at
2.8/3.3 GHz, respectively. Note that the inherent second har-
monic of the PA is overlapped with the leakage of the 2 × LO
input signal and the second harmonic of the frequency divider.
The close-in and far-out spectrum of the single-sideband
signal at full power are shown in Fig. 35. It shows about
−44-dBc rejection of CIM3. Here, a 0.5-MHz single-tone
signal is fed to the baseband. The measured close-in and
far-out spectrum of a two-tone signal with 2-MHz tone-spacing
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TABLE IV

COMPARISON WITH STATE-OF-THE-ART QUADRATURE DIGITAL PAS

are shown in Fig. 36. The proposed mode switching affects the
spectrum purity, which introduces about 6-dB worse spurious
tones compared to the condition without mode switching.

The out-of-band spectrums for the 10-MHz 256-QAM signal
are illustrated in Fig. 37. The spectrum replicas locate at
integer times of baseband sampling frequency (i.e., 100 MHz),
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which can be further improved with a larger sampling
frequency. The performance of the proposed digital PA is
summarized and compared with state-of-the-art quadrature
digital PAs in Table IV. Broadband efficiency improvement at
3-/6-/9-/12-/15-dB PBO in the complex domain is achieved.
It exhibits the maximum number of efficiency peaks compar-
ing to previous quadrature digital PAs. The average efficiency
is competitive with the highest operation frequency among
the counterparts. It adopts a single supply without any supply
switching and exhibits compact size using two-way combined
RMN with a single-transformer footprint.

V. CONCLUSION

In this article, a prototype of quadrature digital PA with
HDIB is proposed for PBO efficiency enhancement in the com-
plex domain. A reconfigurable transformer is investigated to
achieve impedance boosting for the RMN. Multiple efficiency
peaks at deep PBOs are generated for significant efficiency
improvement. Bandwidth extension of the Doherty operation
is also realized by the RMN. The proposed technique is a
promising candidate for portable devices with competitive
performance.

APPENDIX

As for the reconfigurable transformer shown in Fig. 9,
the equivalent inductance Lep and Les, equivalent quality factor
Qep and Qes, and equivalent resistance Rep and Res are derived
as (5)–(10), shown at the bottom of the previous page. Note
that Mps, Mpt, Mst, Mw1, Mw2, Mw3, A, and B [A and B
shown at the top of the page] are defined as follows:

Mps = kps · √L p Ls (11)

Mpt = kpt ·
√

L p Lpt (12)

Mst = kst ·
√

Ls Lst (13)

Mw1 = kw1 · √L p Lst (14)

Mw2 = kw2 · √Ls Lpt (15)

Mw3 = kw3 · √Lpt Lst. (16)

The equivalent mutual inductance Mep [44] between Lep and
Les is (19), as shown at the top of the page. The equivalent
coupling factor kep between Lep and Les is

keq = Meq√
Lep · Les

. (20)

The equivalent inductance ratio Nep of the reconfigurable
transformer is

Neq = √
Les/Lep. (21)
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