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Abstract— This article presents the architecture and design
methodology for a new type of dual-band Doherty power ampli-
fier (DB-DPA), referred to as 3-Way DB-DPA, which consists
of a main amplifier for each band and an auxiliary amplifier
handling both bands. The 3-Way DB-DPA improves the average
drain efficiency in concurrent dual-band operation compared to
the traditional 2-Way DB-DPA, by avoiding early clipping in
the main amplifiers, while benefiting from load—pulling from
the auxiliary power amplifier (PA). This improvement is verified
in theory and simulation at the current-source reference planes
and in measurement with a fabricated 1.5- and 2-GHz dual-
band PA. A statistical analysis using 2-D continuous-wave (CW)
signals with long-term evolution (LTE) probability distribution
functions (PDFs) is performed and demonstrated an improvement
in the concurrent average efficiency by 15 percentage points
compared to the conventional 2-Way DB-DPA. In nonconcurrent
operation, the measured CW drain efficiency in the lower band
(1.5 GHz) is 82.8% at peak and 66.6% at 9.6-dB backoff,
and the measured CW drain efficiency in the upper band
(2.0 GHz) is 70.0% at peak and 48.4% at 9.4-dB backoff. The CW
concurrent-balanced drain efficiency reaches 66.2/52.0% in the
3-Way DB-DPA at 3-/6-dB backoff. In single-band operation at
1.5/2.0 GHz, the average power and average drain efficiency after
linearization by digital predistortion (DPD) are 35.1/37.4 dBm
and 65.0/53.7%, respectively, for an LTE signal with 10-MHz
bandwidth and 6.1-dB peak-to-average power ratio (PAPR).
In concurrent operation, the 3-Way DB-DPA is driven by two
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10-MHz LTE uncorrelated signals at 1.5 GHz with 6.86-dB PAPR
and at 2.0 GHz with 6.26-dB PAPR, and the average total power
and average concurrent drain efficiency after DPD are 37.5 dBm
and 54.24%, respectively.

Index Terms— Concurrent average efficiency, Doherty power
amplifier (DPA), dual band, intermodulation (IM), 3-Way
DB-DPA, 2-D digital predistortion (DPD).

W ITH the rapid growth in modern communication,
transmitter systems must use a wider fraction of

the spectrum, to support the continuously increasing data
rate. In addition, signals with large peak-to-average power
ratio (PAPR) are used in communication systems to increase
the spectral efficiency. This has led to an increased demand for
multiband and broadband power amplifiers (PAs) for signals
with large PAPR.
The PA is one of the most power-consuming components

in the transmitter system, and this is why it is important
to achieve high average power efficiency, for signals with
large PAPR. Therefore, the Doherty PA is widely used
because it exhibits a high efficiency over an extended backoff
power range [1]–[3]. The Doherty power amplifier (DPA)
was invented by William H. Doherty in 1936 at Bell Tele-
phone Laboratories. Doherty [1] described the DPA in his
own words as “A New High-Efficiency Power Amplifier for
Modulated Waves.” For single-band (SB) operation, the DPA
has been studied extensively, and it has been shown that it
can achieve high average efficiency for signals with large
PAPR [4]–[7]. For the multiband operation mode, the con-
ventional DPA faces significant challenges to achieve high
average efficiency. The first realization of a dual-band DPA
(DB-DPA) was reported by Colantonio et al. [8]. In recent
years, efforts have been made to improve the average effi-
ciency by introducing new design techniques and methodolo-
gies, such as frequency-dependent backoff power ranges [9],
precise impedance terminations [10], a modified �-network at
the output combiner [11], a dual-band T-network impedance
transformer [12], intermodulation (IM) impedance tuning [13],
novel dual-band typologies [14], frequency-dependent input
power division [15], three-stage DB-DPA [16], and direct
impedance matching transformation [17]. As a result, the drain
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Fig. 1. Diagram of the proposed 3-Way DB-DPA.

efficiency and PAPR of these DB-DPAs were significantly
improved. However, most of these DB-DPA papers focus on
improving the drain efficiency of each band instead of the total
average efficiency under concurrent operation.
By using new techniques in the concurrent DB-DPA such as

eliminating the IM generated from the two signals [13], using a
crest factor reduction (CFR) technique [18] and power tracking
technique [19], the performance of concurrent DB-DPA’s was
successfully improved. Some of these techniques are used at
the design stage of the PA, and some are performed at the
linearization stage of the DB-DPA when using modulated sig-
nals. A 3-Way DB-DPA realized by adding another auxiliary
PA was studied to extend the PAPR in SB operation [16].
It can be inferred that the DB-DPA’s concurrent performance
can be optimized but still remains fundamentally limited by
its architecture.
In this article, a novel architecture of the DB-DPA (3-Way

DB-DPA) is proposed. The architecture of the novel 3-Way
DB-DPA is shown in Fig. 1. Like other 3-Way PAs such as the
3-Way DPA [16] and the load-modulated balance amplifiers
(LMBAs) [20], it consists of three amplifiers (three ways).
The first two amplifiers are used as main (carrier) amplifiers,
which both operate in class F. The third amplifier is the
auxiliary (peaking) amplifier, which is shared by the two-band
signals and operates in class C. Each main amplifier handles
signals individually at either the lower band centered at fL or
the upper band centered at fU to avoid early clipping as will
be later explained in detail. This results in both higher power
gain and total output power in the concurrent mode. Thus,
the addition of a second main amplifier increases the total
concurrent output power while also improving the concurrent
total efficiency compared to the 2-Way DB-DPA. The absence
of IM products in the main PAs that normally arise in the
2-Way DPA in dual-band operation also greatly simplifies the
design of their matching networks. However, the second-order
IM products at the frequencies fU − fL and fL + fU need to be
properly terminated at the output of the auxiliary amplifier to
further improve the DB-DPA’s performance. It will be verified
in Section I that a short is an optimal termination [13]. The
two impedance inverters of the main amplifiers of the DPA
are integrated as a part of their output combiner. In the output
combiner, a diplexer realized with low- and high-pass filters is
used to distribute the lower band and upper band load—pull

signals between the main amplifiers so that no IM products
are created. At the output of the 3-Way DB-DPA, a dual-band
impedance transformer is also integrated as a part of the output
power combiner. At the input of the 3-Way DB-DPA, two
Wilkinson power dividers (WPDs) with uneven power ratio are
designed for each RF band to divide the input power between
the main amplifiers and the auxiliary amplifier. At the gate
of the main amplifiers, a matching network that includes a
proper termination for the input second harmonic is designed
for the lower band and upper band signals. In addition, two
90◦ phase shifters are used in the auxiliary branch after the
WPDs as shown in Fig. 1 to compensate for the phase offset
between the main and auxiliary amplifiers introduced by the
inverters. After the phase shifters, a diplexer is implemented
at the input of the auxiliary amplifier to combine both signals
and prevent the lower band signal from going to the upper
band main amplifier and vice versa. A dual-band matching
network that includes the termination of the lower band and
upper band second harmonic is implemented at the gate of the
auxiliary transistor.
The rest of this article is organized as follows. An analysis

of the power distribution and clipping in dual-band operation
is reported in Section I. An investigation of the impact of
the relative phase in two-tone excitations on the continuous-
wave (CW) performance of the new 3-Way versus conven-
tional 2-Way DB-DPA’s architectures is also presented in that
section. In addition, a study of the impact of IM products on
the performance of dual-band class-F PAs is investigated in
Section I, to demonstrate the advantage of using separate main
PAs. Following these preliminary investigations, a general
design theory for the 3-Way DB-DPA is presented in Section II
to compare the new 3-Way DB-DPA with the traditional
2-Way DB-DPA. The design procedure and harmonic balance
simulation results for the 3-Way DB-DPA using a realistic
device model are presented in Section III. A statistical study of
the efficiency at the current-source reference planes (CSRPs)
is also reported in that section. Section IV gives the CW
and modulated measurement results obtained for the fabricated
3-Way DB-DPA. In the conclusion, a summary of the results
obtained is presented in Section V.

I. ANALYSIS OF DUAL-BAND SIGNALS IN PA

A. Effect of Clipping and Phase in Dual-Band Operation

In the proposed 3-Way DB-DPA, the main amplifiers handle
each band separately, whereas the auxiliary amplifier is shared
by the two lower and upper band signals. Therefore, these two
CW signals will be beating at the auxiliary amplifier: the two
CW signals add up constructively when they are in-phase and
cancel when they are out-of-phase.
Accounting for the gate VGG and drain VDD dc bias voltages,

the gate vGS,a(t) and drain vDS,a(t) voltage waveforms at the
auxiliary transistor are expressed as follows:

vGS,a(t) = VGG + |VGSa,L | cos(2π fL t)

+ |VGSa,U | cos(2π fU t + δφ)

vDS,a(t) = VDD + |Va,L | cos(2π fL t + π)

+ |Va,U | cos(2π fU t + π + δφ)
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Fig. 2. CW signals for the lower band (top) and upper band with two different
phase offsets (center) and combined waveforms (bottom).

where the phase of the first band is set to zero and the phase
of the second band is set to the phase offset δφ between the
lower and upper band CW signals to simplify the notation.
The lower band and upper band CW signals are plotted

in Fig. 2 for two different phase offsets δφ for the upper band
signal. As the phase offset varies, the combined waveforms
exhibit a similar constructive and destructive behavior in
concurrent (C) operation.
The cosine subwaveforms will constructively add when

in-phase to nearly the same maximum and minimum values,
independently of the phase offset

vmax
GS,a(C) = VGG + (|VGSa,L | + |VGSa,U |)

vmin
DS,a(C) = VDD − (|Va,L | + |Va,U |).

The RF drives VGSa,L/U , for which the maximum gate
voltage is the threshold voltage: vmax

GS,a(C) = VT , will determine
the backoff condition at which the auxiliary transistor turns on
in dual-band operation. Similarly, the RF drives, for which the
minimum drain voltage reaches the transistor knee voltage:
vmin
DS,a(C) = VON, will determine the threshold at which the
auxiliary transistor output voltage will start clipping in dual-
band operation.
For convenience, let us introduce the normalized communi-

cation waveforms xL and xU defined either at the PA input or
output

xL/U = Va,L/U = Va,L/U

|V max
a,L/U | (1)

where |V max
a,L/U | is the maximum RF drain voltage amplitude

for the auxiliary transistor at saturation in the lower or upper
band SB operation.
The 2-D normalized power distribution of two uncorrelated

long-term evolution (LTE) signals before CFR at the PA
input (or output after linearization) is shown in Fig. 3 versus
the normalized signal powers |xL |2 and |xU |2 using green
dots. The four diagonal lines crossing the points (D2-D-D2),

Fig. 3. Power distribution in dual-band PAs, associated modes of
operation (A–D) and clipping boundary (blue line).

C, B, and (A2-A-A2) are the constant-power contour lines
corresponding to 0, −3, −6, and −9 dBc, respectively, using
the peak power in SB operation as a reference.
To avoid having the auxiliary PA voltage clipping at peak

power under concurrent operation, the two-band RF signals
xL and xU need to verify at peak power

|xL | + |xU | ≤ 1

so that the auxiliary loadline does not enter the triode region.
The blue line in Fig. 3 corresponds to the clipping threshold
|x clip

L | + |x clip
U | = 1. It is verified that the majority of the

two-band LTE data are located below the clipping threshold.
The diagonal line from A to C corresponds to the

concurrent-balanced (CB) mode. Note that the peak power
Ppeak
out (CB) for the CB operation without clipping occurs at

point C. The peak power Ppeak
out (CB) in the CB mode (point C)

is exactly half the peak power Ppeak
out (SB) in the SB mode

(points D2).
A variable K is introduced as the ratio of |xU | to |xL | of

the two signal amplitudes. The K = 1 line thus corresponds
to the CB mode.
The impact upon a DPA of the phase offset δφ between two

CW signals xL and xU is now investigated. For this purpose,
simulations using the new 3-Way DB-DPA are performed at
the CSRP to observe the impact of the phase δφ on the
concurrent efficiency. For each phase δφ, the PA’s efficiency
is obtained for all of the 84 (|xL |,|xU |) points represented by
black dots in Fig. 3. The total drain efficiency for the 84 points
calculated for seven phase offsets δφ is shown in Fig. 4.
As it can be seen, the phase offset between the two signals
has a negligible impact on the 3-Way DB-DPA total drain
efficiency. This insensitivity on the phase offset δφ will also
be verified in CW concurrent measurements in Section IV.

Authorized licensed use limited to: Carnegie Mellon Libraries. Downloaded on August 04,2021 at 23:54:27 UTC from IEEE Xplore.  Restrictions apply. 



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

4 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

Fig. 4. 3-Way DB-DPA total drain efficiency at the CSRP while varying the
phase offset between xL and xU .

Fig. 5. Comparison of drain voltage (top) and current (bottom) waveforms
with an open (blue) and a short (red) terminating the second-order IM
products.

It can be concluded that the 3-Way DB-DPA performance is
essentially independent on the phase offset δφ, which will
simplify the theoretical analysis in Section II.

B. Dual-Band Class-F PA IM Effects

When two CW signals with different operating frequencies
are amplified simultaneously, the interaction of the two CW
signals via the nonlinearities of the transistors creates IM prod-
ucts at the terminals of the transistor that impact the dual-band
PA’s performance. These IM effects are investigated now at the
CSRP in the case of a single dual-band class-F PA. Among
all the various IM products, those of second-order are found
to be the most important ones due to their large impact on the
PA performance. The second-order IM nonlinearities generate
terms with frequencies fU − fL and fL + fU . A comparison of

Fig. 6. Effects of the termination of the second-order IM products on a class-
F PA: (a) efficiency plotted versus the normalized input voltage |VGS,L/U | for
different values of �L( fU − fL ) = �L( fL + fU ) and (b) contour plot of the
efficiency in the �L( fU − fL ) = �L( fL + fU ) plane.

the voltage (top) and current (bottom) waveforms at the drain
of transistor with open (blue plain line) and short (red plain
line) load terminations for the second-order IM products is
presented in Fig. 5. This figure shows that the current and
voltage waveforms are smoother and less distorted when using
a short at the drain for the second-order IM products.
In order to assess the impact of the impedance termination

for the second-order IM products on the concurrent efficiency
of the dual-band class-F PA, the PA’s efficiency is calculated
for load reflection coefficients �L( fU − fL ) and �L( fL + fU )
varying along the constant peak envelope (blue line in Fig. 3
corresponding here to |VGS,mL |+ |VGS,mU| = 1). The resulting
efficiencies are plotted in Fig. 6(a) versus the normalized gate
drive VGS,mU/L (K factor varying from 0 to 100) for eight
different values of �L( fU − fL ) = �L ( fL + fU ).
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Fig. 7. Circuit of the novel DB-DPA at the drain CSRP for the fundamental
frequencies.

The DB-DPA must operate for all the different concurrent
operating modes. However, the CB mode (K = 1) is the most
important mode as this is the mode that emphasizes the dual-
band PA performance. In the CB mode at K = 1, a large
variation in the concurrent efficiency from 20% to 65% can
be observed in Fig. 6 as �L ( fU − fL) = �L( fL + fU ) varies
from open to short.
The selection of �L( fU − fL ) and �L( fL + fU ) is thus

critical in the dual-band PA. It is verified in the contour plot
in Fig. 6(b) based on 125 different loads that the maximum
efficiency is obtained when using a short for the second-order
IM products (�L( fU − fL ) = �L( fL + fU ) = −1) at
the CSRP. Therefore, for optimal performance, the second-
order IM products of both the main and auxiliary transistors
will be properly terminated in the 2-Way DB-DPA used for
comparison. In the 3-Way DB-DPA, the second-order IM
products at the auxiliary amplifier will be similarly terminated.
However, no IM load termination will be needed for the main
amplifiers because each amplifier is isolated by diplexers to
handle an SB.

II. THEORY FOR THE PROPOSED 3-WAY DB-DPA

A. Three-Way DB-DPA Design Theory

In this section, the design equations of the new 3-Way
DB-DPA will be derived at the CSRP of the transistors. The
transistors are modeled by current sources representing the
I–V characteristics at the CSRP. The diagram that represents
the 3-Way DB-DPA is shown in Fig. 7.
In the novel 3-Way DB-DPA, two main amplifiers are used

such that each main amplifier handles an SB. The fundamental
drain voltages and currents of the two main transistors at the
lower band and upper band are noted as Vm,L and Vm,U and
Im,L and Im,U , respectively. The fundamental drain voltages
and currents of the single auxiliary transistor at the lower
band and upper band are noted as Va,L and Va,U and Ia,L

and Ia,U , respectively. The fundamental drain currents in the
time domain for the 3-Way DB-DPA are then given by

i fundD,m,L/U (t) = Re{Im,L/U e jωL/U t }
i fundD,a (t) = Re{Ia,Le jωL t + Ia,U e jωU t}.

The 3-Way DB-DPA will behave as a normal Doherty PA
when operating in the SB mode and as a modified Doherty
PA in the concurrent operation. In CB operation, the auxiliary

transistor will turn on earlier and the DB-DPA exhibits an
early backoff occurring at the fundamental main gate voltage
VGSm,b1 noted with the subscript b1. In SB operation, the
DB-DPA exhibits a later backoff at the fundamental main
gate voltage drive VGSm,b2 = 2 × VGSm,b1 noted with the
subscript b2. Note that the output backoff (OBO) of the SB
and CB modes corresponding to point A2 and A, respectively,
in Fig. 3, occurs for the same total output power. Indeed,
the backoff powers Pback

out,L(SB) or Pback
out,U (SB) in the SB mode

are equal to total backoff power Pback
out,L(CB) + Pback

out,U (CB) in
the CB mode. The associated backoff voltages and currents
are noted: Vmb1, Vmb2, Imb1, and Imb2 for the main transistors
and Vab1, Vab2, Iab1, an Iab2 for the auxiliary transistor.
Similarly, the 3-Way DB-DPA exhibits two different peak

operations in the SB and CB modes. In CB operation, the
DB-DPA saturates earlier, at the fundamental main gate volt-
age VGSm,p1. In SB operation, the DB-DPA saturates later on,
at the fundamental main gate voltage VGSm,p2. The associated
saturation voltages and currents are noted: Vmp1, Vmp2, Imp1,
and Imp2 for the main transistors and Vap1, Vap2, Iap1, and Iap2
for the auxiliary transistor, respectively.
Note that in both CB and SB modes, the lower band and

upper band voltages and currents have the same amplitudes at
the CSRP.
For clarity, the variation of the main and auxiliary currents

and voltages versus the input RF drive, which will be obtained
from the final design theory presented in this section, is shown
in Fig. 8(a) and (b) for both the SB and CB modes. The critical
target under the prevalent CB mode of operation for high-
efficiency operation is to have the peak auxiliary fundamental
voltages that verify

|Vap1,L | + |Vap1,U | = 2|Vap1| = |Vap2| (2)

so as to maximize the auxiliary PA’s efficiency when it
reaches the clipping threshold (point C in Fig. 3). Similarly,
to maximize the drain PA’s efficiencies in the CB mode of
operation, we need ideally to have the main drain voltage
approaching the SB mode value at the clipping threshold
(point C)

|Vmp1,L| = |Vmp1,U| � |Vmp2|. (3)

From the auxiliary CB condition in (2): |Vap1| = |Vap2|/2,
it follows that the main peak currents at point C verify Imp1 =
Imp2/2 in virtue of the property of the inverters. It also results
that the total power Ppeak

out (CB) at the load RL at point C of
the CB mode is half the power Ppeak

out (SB) of the SB mode
since we have

Ppeak
out (CB) = 1

2RL
|Vap1,L |2 + 1

2RL
|Vap1,U |2

= 1

4RL
|Vap2,L/U |2 = 1

2
Ppeak
out (SB).

Given that the active loads Rmp1 and Rap1 seen by the main
and auxiliary transistors at the CB model peak power are
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Fig. 8. Fundamental (a) currents and (b) voltages versus the main gate
drives for the main and auxiliary amplifiers at the CSRP in both the SB and
CB modes.

given by

Rmp1 = Z 2
T

RL

(
1 + ZT |Iap1 |

|Vmp1|
)

Rap1 = RL

(
1 + |Vmp1|

ZT |Iap1|
)

the auxiliary and main drain voltage equations (2) and (3) yield
the solution

|Iap1| = |Vap2|
2RL

− |Vmp1|
ZT

, (4)

= |Iap2| − |Vap2|
2RL

, if |Vmp1| = |Vmp2|. (5)

Under such a condition, where the auxiliary and main
drain voltages are maximized, a high-efficiency operation is

achieved in the CB mode while delivering half the peak SB
power as targeted at the clipping point C in Fig. 3.
The design of the DB-DPA makes use of the DPA theory

developed in [6] where six design parameters are used. These
six parameters include |Iap2| and |Vap2| introduced above and
n, γvp, Kvm2, and Kia2 introduced next.
Note that the peak fundamental current |Iap2| and voltage

|Vap2| of the auxiliary device are usually selected as the max-
imum drain current and voltage of the transistor, respectively.
The factor n is the asymmetry power ratio between the

auxiliary and main PAs for a DPA in SB operation as defined
in [21]

n = Pap2

Pmp2
= |Vap2||Iap2|

|Vmp2||Imp2| (6)

where Pap2 and Pmp2 refer to the fundamental peak powers
delivered by the auxiliary and main PAs in SB operation,
respectively.
The factor γvp = |Vmp2|/|Vap2| is the main-to-auxiliary peak

voltage ratio in SB operation. The factor Kvm2 = |Vmp2|/|Vmb2|
is the peak-to-backoff main voltage ratio in SB operation.
The factor Kia2 = |Iap2|/|Iab2| is the peak-to-backoff auxiliary
voltage ratio in SB operation.
The six above parameters are sufficient to design a normal

DPA and are thus applicable to the DB-DPA for SB opera-
tion from backoff to peak power. For concurrent operation,
additional design considerations are needed to handle the CB
backoff while retaining compatibility with the SB operation.
To make the SB and CB modes compatible, we will see that
the main loadline in the SB mode needs to enter the triode
region to both clip the main drain voltage and reduce the
effective main transistor transconductance between the CB
and SB backoffs. This early saturation in SB band operation
is needed so that the main transistors can reach the drain
current Imb1 in the CB mode at the early CB backoff where
the auxiliary transistor turns on.
To present the novel design procedure for the 3-Way

DB-DPA, a quasi-analytic solution is presented for the case
of a piecewise linear I–V model with a threshold voltage VT ,
knee voltage VON, and constant transconductance gm , as shown
in Fig. 9.
The asymmetry power ratio verifies [22]: n = 1/(γvpγi p).

In this example, we select γvp = 1/n so that γi p =
|Imp2|/|Iap2| = 1. We thus have |Vmp2| = γvp|Vap2| and
|Imp2| = |Iap2|.

The peak-to-backoff auxiliary voltage ratio in SB operation
Kim2 is given by

Kim2 = |Imp2|
|Imb2| = Kvm2(n + 1)

1 + n Kvm2
Kia2

.

The SB backoff main current is then given by |Imb2| =
|Imp2|/Kvm2. The main current ratio Kim2 determines also the
SB OBO power OBO = K 2

im2 [6]. In this example, we select
n = 2.1, yielding an OBO of 9 dB in the SB mode. Using the
auxiliary current ratio Kia2, we obtain the SB auxiliary backoff
current |Iab2| = |Iap2|/Kia2.
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Fig. 9. Piecewise linear I–V characteristics and loadlines of the main and
auxiliary transistors at peak power in the SB and CB modes.

The characteristic impedance ZT of the λ/4 transformer and
the common load RL is obtained from [6]

ZT = |Vmb2||Imp2| − |Vmp2||Imb2|
|Imb2||Iap2| − |Imp2||Iab2|

RL = (|Vmb2||Imp2| − |Vmp2||Imb2|)2
(|Imb2||Iap2| − |Imp2||Iab2|)(|Vmb2||Iap2| − |Vmp2||Iab2|) .

These equations can alternatively be expressed in the terms
of the DPA design parameters as

ZT = n Roptγvp and RL = n

n + 1
Ropt with Ropt = |Vap2|

|Iap2| .

For the example selected in Table I, we obtain ZT = 50 

and RL = 33.87 
.
To complete the design, we now need to determine the main

fundamental drain current Imb1 and voltage Vmb1, as well as the
gate and drain dc biases for both the main and auxiliary PAs
and the coupler coefficient Cp relating the main and auxiliary
RF gate drives.
Let us first consider the two main amplifiers. They are

assumed to operate in an ideal three-harmonic class-F mode,
with a drain voltage vDS,mL/U for the band L/U given by

vDS,m,L/U (t) = VDD,m + Re

{
|Vm|e jωL/U t − |Vm|

3
e j3ωL/U t

}

with VDD,m the main dc drain bias to be determined. As was
verified in Section I, the phases of the two bands do not affect
the device performance and are set to zero. The dc gate bias
VGG,m for the main PAs is simply set to the threshold voltage
VT of the transistor so that we have

vGS,m,L/U (t) = VGG,m + Re
{

VGS,me jωL/U t
}

with VGS,m the main fundamental gate voltage. The main
fundamental drain current can then be written as

Im =

⎧⎪⎨
⎪⎩

1

2
gm VGS,m for Vm ≤ V clip

DS

1

2
gclip

m [VDS, VDD,m]VGS,m for V clip
DS < Vm ≤ V max

DS

TABLE I

INPUT AND OUTPUT DESIGN PARAMETERS

where gclip
m [Vm, VDD,m] is a nonlinear function of Vm and VDD,m

which can easily be tabulated for the VON and gm parameters
used. The clipped transconductance gclip

m [Vm, VDD,m] varies
from gm at the clipping threshold V clip

DS = (VDD − VON)/ν
max
DS

to about 0.2323 × gm (for VDD,m = 30 V) at the max-
imum fundamental drain voltage V max

DS = VDD/νmax
DS with

νmax
DS = max{cos(ωL/U t) − cos(3ωL/U t)/6} approximately
equal to 0.8660.
At the lower CB backoff, the main transistors are still

operating in the linear regime. The fundamental drain current
Imb1 at the low CB backoff is then simply related to the
fundamental main drain voltage by: VGS,bm1 = 2 Imb1/gm .
with the drain current related to the main fundamental drain
voltage Vmb1 to be determined by: Imb1 = RL Vmb1/Z 2

T . Note
that at the CB and SB thresholds, the auxiliary gate drive
verifies VGG,a + 2|VGS,ab1| = VT and VGG,a + |VGS,ab2| = VT ,
respectively. It results that we must have |VGS,ab2| = 2|VGS,ab1|
and, thus, |VGS,mb2| = 2|VGS,mb1| since the auxiliary and main
fundamental gate voltages are linearly related by the coupler.
At the lower CB threshold, the main transistors are on the
verge of clipping and verify the condition

VDD,m − νmax
DS |Vmb1| = VON.

The final selection for |Vmb1| is then determined by a self-
consistent solution of the main drain current at the higher SB
threshold

Imb2 = 1

2
gclip

m [Vmb2, VDD,m]VGS,mb2

= 2gclip
m [Vmb2, ν

max
DS Vmb1 + VON] RL

gm Z 2
T

Vmb1

which is solved by interpolation using the known main Vmb2

and Imb2 SB threshold voltage and current, respectively. The
result obtained for |Vmb1| is shown in Table I for the example
considered.
Next, we can similarly calculate the required main drain

drive VGS,mp2 to obtain the targeted main peak drain
current Imp2

Imp2 = 1

2
gclip

m [Vmp2, VDD,m]VGS,mp2

using |Vmp2| = Kvm2|Vmb2|.
Let us now turn toward the design of the auxiliary PA. The

auxiliary PA is operating in class C and assumed to remain in
the linear region of the I–V characteristic. Note that both the
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lower Va,L and upper Va,U band voltages are applied to the
drain of the auxiliary transistor such that the total auxiliary
drain voltage vDS,a is given by

vDS,a(t) = VDD,a + Re{Va,Le jωL t + Va,U e jωU t }
with VDD,a the auxiliary dc drain bias to be determined.
As discussed in Section I, the phases of the two-band signals
do not significantly affect the peak device performance and
are set to zero. In the CB mode, the RF voltages of both
bands are equal in magnitude: |Va| = |Va,L | = |Va,U |. At
maximum power in both the SB and CB modes, the peak
voltages |Vap2| = |Vap1,L |+ |Vap1,U | are such that the loadlines
reach the edge of the triode region without entering it. It results
that the auxiliary dc drain bias must be selected according to
the following equation:

VDD,a = |Vap2| + VON.

The auxiliary transistor is excited at the gate by the
two-band signal

vGS,a(t) = VGG,a + Re{VGSa,Le jωL t + VGSa,U e jωU t }
where VGG,a is the dc gate bias of the auxiliary PA and
VGSa,L/U is the auxiliary fundamental gate voltages. In the
CB mode, the two-band input RF signals verify |VGSa| =
|VGSa,L | = |VGSa,U |. Note that these auxiliary fundamental
gate voltages VGSa,L/U for the lower and upper bands are
also linearly related to the main fundamental gate voltages
VGSm,L/U using the coupling coefficient Cp

|VGS,a| = Cp|VGS,m |.
In the SB mode, the equation that defines the fundamental

drain current for the auxiliary amplifier operating in class C
is given by [23]

Ia = gmW [θ(VGG,a, |VGS,a|)] × (|VGS,a| + VGG,a − VT ) (7)

where W [θ ] the conduction-angle weighting factor defined as

W [θ ] = 1

2π

(
θ − sin θ

1 − cos θ
2

)
(8)

where θ is the conduction angle

θ(VGG,a, |VGS,a|) = 2 × cos−1

(
VT − VGG,a

|VGS,a|
)

. (9)

The last two design parameters to determine are the auxil-
iary dc gate bias VGG,a and the coupling coefficient Cp. They
are obtained by simultaneously solving the two transcendental
equations associated with the auxiliary drain currents at peak
and backoff in the SB mode

Iap2 = gmW [θ(VGG,a, |VGS,ap2|)](|VGS,ap2| + VGG,a − VT )

Iab2 = gmW [θ(VGG,a, |VGS,ab2|)](|VGS,ab2| + VGG,a − VT ).

These monotonous equations are easily numerically solved
by interpolation when sweeping the unknown variables VGG,a

and Cp. The resulting values for the example considered are
shown in Table I.
Having designed the 3-Way DB-DPA for the assumed

piecewise linear I–V , we can then sweep the input gate

Fig. 10. Total, main, and auxiliary efficiencies for the SB and CB modes for
the 3-Way DB-DPA and the total efficiency for the 2-Way DB-DPA (2W).

voltage VGS,m and obtain the main and auxiliary fundamental
currents and voltages versus the input RF drive, as shown
in Fig. 8(a) and (b). Of particular interest is the peak auxiliary
current Iap1 achieved in the CB mode. As shown in Table I,
the magnitude of Iap1 from (4) is 0.169 A, whereas the estimate
obtained from (5) is 0.1571 A when assuming |Vmp1| = |Vmp2|.
The lower |Vmp1| value that approaches |Vmb1| provides for a
larger transconductance gclip

m and voltage gain. A more linear
output voltage gain in the CB mode can be further achieved
by selecting Kvm2 smaller than one.
For the sake of comparison, the 3-Way DB-DPA designed

can be used as a 2-Way DB-DPA by driving one of the
main PAs with a dual-band signal. The auxiliary operation
in the linear region is unaffected. However, the main current
Im(CB-2W) shown in Fig. 8(a) using black dashed line is seen
to clip early at 0.25-V gate voltage and reach a lower Imp1(2W)
peak drain current in the CB mode.
The resulting efficiency versus total (U + L) output power

is shown in Fig. 10. The 3-Way DB-DPA sustains a high
efficiency in the CB mode in a backoff range up to 6 dB
below the peak power Ppeak

out (CB) of the CB mode. We will
see in Section III that this is the range of power in the
CB mode with the highest probability when considering the
joint probability distribution function (PDF) of the dual-band
orthogonal frequency-division multiplexing (OFDM) signals
considered. The individual contributions of the main and
auxiliary PAs to the efficiency are separately itemized using

η = Pout

Pdc
= PmL + PmU + PaL + PaU

Pdc,mL + Pdc,mU + Pdc,a

ηm = Pout,m

Pdc
= PmL + PmU

Pdc,mL + Pdc,mU

ηa = Pout,a

Pdc
= PaL + PaU

Pdc,a
.

It is observed that at peak power, the main amplifiers jointly
contribute a higher fraction of the output RF power than the
auxiliary PA when operating in the CB mode unlike the SB
mode where the auxiliary PA dominates.
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Fig. 11. Schematic of the 3-Way DB-DPA at the CSRP using the nonlinear embedding model.

TABLE II

INPUT AND OUTPUT DESIGN PARAMETERS AT THE

CSRP FOR THE 3-WAY DB-DPA

III. NEW 3-WAY DB-DPA DESIGN PROCEDURE

AND SIMULATION RESULTS

A. 3-Way DB-DPA at the CSRP

The 3-Way DB-DPA of Fig. 1 was first implemented at the
CSRP of the Cree CGH40010F gallium nitride (GaN) HEMT
using the embedding Angelov model [23], as shown in Fig. 11.
The embedding model provides a realistic I–V characteristic
at the CSRP while at the same time projecting the CSRP
waveforms to the package reference planes (PRPs) to facilitate
the subsequent design of the PA circuit at the PRP. The red
labeled voltages and currents in Fig. 11 represent the projected
data at the PRP of the transistor.
The two main transistors on the left of Fig. 11 are operating

in class F, with a gate bias voltage VGG,m of −2.9 V and
drain bias voltage VDD,m of 16 V. The auxiliary transistor is
operating in class C with a gate bias VGG,a of −4.2 V and
drain bias VDD,a of 32 V.
The input design parameters and output circuit parameters

of the 3-Way DB-DPA are shown in Table II. The input
design parameters were tuned to obtain an optimal concurrent
performance for the 3-Way DB-DPA at the CSRP when using
the I–V of the Cree CGH40010F device. The design of the
PA at the CSRP using the I–V of the transistor excludes
the device parasitics and nonlinear charges, and thus, all the
output harmonics were terminated by ideal shorts for the even
harmonics and opens for the odd harmonics (circuits HTmL

and HTmU in Fig. 11). The harmonic termination network at
the drain for each of the main transistors is followed by an
impedance inverter for its respective band. A diplexer is used
to combine the two main amplifier outputs while preventing
the signal of the lower band main amplifier from going to the
upper band main amplifier and vice versa so that no IM will
be created.
For the dual-band auxiliary amplifier, all the harmonics

and the second-order IM products are shorted (circuit HTa
in Fig. 11) at the intrinsic drain reference plane. Finally,
the currents from the main and auxiliary amplifiers combine
at the load RL .

B. Simulation Setup and Results at the CSRP

The circuit in Fig. 11 is implemented in a harmonic balance
circuit simulator to simulate and verify the circuit operation
and performance of the 3-Way DB-DPA in the frequency
domain at the CSRP. The input RF sources at fL and fU are
swept from 0 to 2.7 V when the 3-Way DB-DPA is operating
nonconcurrently. For the CB mode, the two input sources were
swept simultaneously from 0 to 1.15 V.
SB harmonic balance simulation results at the CSRP for

the 3-Way DB-DPA are shown in Fig. 12. The intrinsic drain
efficiency and the projected drain efficiency at the package
for each band are shown in Fig. 12. At the CSRP, the drain
efficiencies for the lower band and upper band are the same
because the model at the CSRP is frequency independent. The
backoff drain efficiency is 75%, whereas the peak efficiency is
83% with 9.0-dB OBO. The projected drain efficiencies at the
PRP for the lower and upper bands are slightly different due to
the device parasitics, and their values degrade approximately
by 3% from the intrinsic behavior. The SB projected power
gains at the PRP for both bands are shown in Fig. 12. Their
values vary between 18 and 24 dB. There is a drop in
power gain above 33-dBm output power; this is due to the
saturation of the two main amplifiers, while the load—pulling
from the auxiliary is initiated. This saturation can be reduced
to yield an increased gain by reducing Kvm2 below one.
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Fig. 12. Drain efficiencies and power gains at the CSRP and PRP obtained
at fL and fU for the SB mode of operation using the embedding model.

All these simulation results are based on the ideal design of
the 3-Way DB-DPA using the I–V characteristics of the Cree
CGH40010F transistor provided by the embedding model.
The intrinsic and projected load impedances in the SB

mode, seen by the upper band and lower band main transistors
looking toward the load, are shown in Fig. 13(a). The intrinsic
fundamental load impedances for the lower and upper bands
that are represented by a black line with circles and a red line
with triangles, respectively, are located along the real axis and
give exactly the same impedance at the CSRP. As expected
from a DPA, the fundamental load impedance changes from
a large impedance at backoff to a small impedance at peak
power due to the load modulation. The projected fundamental
load impedances at the PRP for the lower and upper bands fL

and fU are represented by a black line with triangles and a
red line with circles, respectively.
The intrinsic second-harmonic load impedance of the main

amplifiers (class F) are indicated by green circles and blue
triangles on the far left of the real axis (short), while the
intrinsic third-harmonic load impedance at both frequencies
are indicated by pink circles and light blue triangles on the
far right of the real axis (open) in Fig. 13(a). The projected
second- and third-harmonic loads at the PRP for the main
amplifiers are also shown in Fig. 13(a).
The intrinsic and projected load impedance seen by the dual-

band auxiliary transistor looking toward the load are shown
in Fig. 13(b). The intrinsic fundamental load impedance for
both bands at the auxiliary transistor, which is represented by
the black line with circles and red line with triangles, is located
along the real axis and yields exactly the same impedances at
the CSRP. They provide a very high impedance (open) when
the auxiliary transistor is OFF. The projected fundamental load
impedances at the PRP seen by the auxiliary amplifier in SB
mode are shown in Fig. 13(b). For the auxiliary amplifier
(class C), the intrinsic second and third harmonics for both
bands are shorted as shown on the far left of the real axis. The
projected second and third harmonics at the PRP are shown
as well.
We next consider the case where the 3-Way DB-DPA is

operated in CB mode. The intrinsic and projected package

Fig. 13. Results in the SB mode for the load impedances seen by (a) main
and (b) auxiliary transistors at the CSRP for the fL and fU frequencies, as the
output power varies from backoff (A2) to peak power (D2).

drain efficiencies in CB mode are shown in Fig. 14. At peak
power, the efficiency at the CSRP (black line) reaches 80%,
whereas the efficiency at the PRP is projected to reach 77%.
The total output power, where the 3-Way DB-DPA starts
saturating (point C:p1 in Fig. 14) and the efficiency reaches its
peak, is around 39 dBm or half the saturated output power in
the SB mode (point D2:p2 in Fig. 3). This maximum-efficiency
CB output power is associated with point C:p1 in Fig. 3, where
the dual-band envelope starts clipping at the load. The OBO
power in CB mode (point A:b1 in Figs. 3 and 14) is itself at
33-dBm total output power and this corresponds to 6 dB of
backoff relative to point C instead of 9 dB relative to point
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Fig. 14. CB operation mode in terms of drain efficiency and power gain for
fL and fU at both the CSRP and PRP obtained from the nonlinear embedding
model.

TABLE III

STATISTICAL AVERAGE PERFORMANCE AT THE

CSRP OF THE 3- AND 2-WAY DB-DPAs

D2 in SB mode. The concurrent efficiency at the PRP for
the OBO is around 48%, as shown in Fig. 14. The CB mode
projected power gains at fL and fU are shown as well, in this
figure. Compared to the SB mode, one can notice a much
smaller decrease in power gain in CB above 33 dBm of total
output power. This is due to the lighter saturation of the two
main amplifiers in the CB mode when the auxiliary amplifier
turns on.
The intrinsic and projected load impedances seen by the

two mains and auxiliary amplifiers at both bands are shown
in Fig. 15(a) and (b), respectively. The concurrent intrinsic
fundamental load impedances seen by the main and auxiliary
amplifiers start at the same high impedances at backoff as in
the SB mode, but their peak impedances (at C:p1) do not reach
the same low values of the SB mode (at D2:p2) due to the
saturation of the auxiliary PA when the peak voltage envelope
verifies |Vap1,U | + |Vap1,L | = 2|Vap1| = |Vap2,U/L |. Fig. 15(b)
also shows for the auxiliary amplifier how the shorted second-
order IM products at the CSRP are projected to the PRP by the
embedding model. As previously mentioned, these IM product
terminations are critical for an optimal performance of the
auxiliary PA, which is shared by the two bands.

C. Conventional 2-Way DB-DPA Versus the New
3-Way DB-DPA at CSRP

A comparison of the average performance of the 3- and
2-Way DB-DPAs at the CSRP is performed now using

Fig. 15. Results in the CB mode for the load impedances seen by (a) main
and (b) auxiliary transistors at the CSRP for the fL and fU frequencies, as
the output power varies from backoff (A) to peak power (C).

a statistical analysis. Both DB-DPAs are operated with the
same biasing so that they achieve the same SB performance.
First, the concurrent CW performance of the two PAs is
evaluated for 500 data points in the (|xL |2, |xU |2) space. The
resulting total drain efficiencies are plotted in the (|xL |2, |xU |2)
space using both 3-D and contour plots in Fig. 16(a) and (c)
for the 2-Way DB-DPA and Fig. 16(b) and (d) for the
3-Way DB-DPA. Next, the average efficiencies are calculated,
assuming that the PAs are excited by two uncorrelated signals
with LTE PDF exhibiting each a PAPR of 6.25 and 6.35 dB.
A summary of the results is shown in Table III. Using this
statistical analysis at the CSRP, we can compare the expected

Authorized licensed use limited to: Carnegie Mellon Libraries. Downloaded on August 04,2021 at 23:54:27 UTC from IEEE Xplore.  Restrictions apply. 



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

12 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

Fig. 16. (a) and (b) 3-D plot and (c) and (d) contour plot of the total drain efficiency versus normalized input powers |xL |2 and |xU |2 for the 2- and 3-Way
DB-DPAs.

performance of the 2- and 3-Way DB-DPAs for dual-band
modulated signals. The average concurrent efficiency for the
2-Way DB-DPA is 46.1%, while it is 61.2% for the 3-Way
DB-DPA. This indicates that the 3-Way DB-DPA’s architecture
should provide a significant improvement in average efficiency
compared to the conventionally 2-Way DB-DPA for concurrent
dual-band operation.
To gain further insights in the origin of the efficiency

improvement, a comparison of the drain efficiencies versus
output power obtained for the 3-Way and 2-Way DB-DPAs
is presented in Fig. 17 for the CB mode (K = 1). η(3W),
ηm(3W), and ηa(3W) (red lines) represent the total, main,
and auxiliary drain efficiencies in the 3-Way DB-DPA, respec-
tively. η(2W), ηm(2W), and ηa(2W) (green lines) represent the
total, main, and auxiliary drain efficiencies in the 2-Way DB-
DPA, respectively. The total and partial efficiencies η, ηm , and
ηa were defined themselves in Section III. The joint PDF of
the two LTE uncorrelated signals with 6.27-dB PAPR is also
plotted versus the output power with a blue line in Fig. 17
for the CB mode (K = 1). The joint PDF indicates that

Fig. 17. Comparison of 3- and 2-Way DB-DPAs at the CSRP for the CB
mode (K = 1).

the output power range where the PA operates most of the
time corresponds to the power range where the total efficiency
for the 3-Way DB-DPA (red line) is increased by 15 points
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compared to the total efficiency of the traditional 2-Way DB-
DPA (green line). The peak power at point C in the CB mode
was targeted by the design theory to be 39 dBm. However,
the efficiency of the 3-Way DB-DPA is found in simulation to
remain high for an output power up to 41 dBm.

D. 3-Way DB-DPA at the Package Using Cree Model

After the design of the 3-Way DB-DPA at the CSRP
is completed, the projected voltages and currents from the
embedding model are used to construct the 3-Way DB-DPA at
the PRP. The projected voltages and currents at the gate and
drain of the transistors at the PRP provide the lossy two-port
combiner at the fundamental frequency and the harmonic
input and output impedances for both the main and auxiliary
amplifiers.
First, based on the harmonic impedances obtained from the

embedding model, the input second and output second- and
third-harmonic termination networks for the three amplifiers
were designed for both bands. In addition, for the dual-band
auxiliary PA, termination networks are needed at the output
for the second-order IM products. The termination network
for the upper second-order IM product at fL + fU is imple-
mented together with the other harmonic termination networks.
However, for the second-order IM product at fU − fL that
is at a lower frequency than the fundamental frequencies fL

and fU , its impedance termination is implemented using a
diplexer in combination with the drain bias tee. Two parallel
dc capacitors (100 pF) are used after the harmonic termi-
nation network of each amplifier to isolate their respective
dc supplies.
In the following step, the dual-band output combiner of

the 3-Way DB-DPA is designed. The harmonic networks
designed are first deembedded from the fundamental lossy
two-port combiner at the PRP and implemented for both
bands using two lossless two ports and a common output
load. The resulting dual-band combiner terminated with the
load and extended with the harmonic terminations is then
optimized using electromagnetic (EM) simulations to approach
the projected Y-parameters of the lossy two-port combiner
obtained from the embedding model for each band at the PRP.
Finally, the input circuits were designed. Using the projected

incident waves at the PRP from the embedding model, the
WPD ratios at the PRP between the main and auxiliary PAs
were determined and the WPD designed for each band. The
WPD at fL is designed using a resistor of 30.1 
, whereas the
WPD at fU uses a resistor of 49.9 
. Next, the input circuits
of the 3-Way DB-DPA were designed and verified in ADS
using EM models. This includes the RC networks close to the
gate of the transistors that are used to stabilize the PA. The
values for the resistor and capacitor are 150 
 and 3.0 pF,
respectively. The networks for the input second harmonic
for the main and auxiliary amplifiers were designed. It was
observed that the phase of the source reflection coefficient
�S(2ωU/L ) has a strong impact on the main PAs’ performance.
Finally, conjugate input matching networks were then designed
at the fundamental frequencies for the three amplifiers. Radial
stubs were used in the design of all the input and output bias

Fig. 18. 3-Way DB-DPA fabricated circuit.

Fig. 19. LSNA test-bench used for the measurements for the SB and CB
modes of operation.

tees to precisely isolate the fundamental frequencies from the
dc path.
Using all the above steps, the various components of

the 3-Way DB-DPA shown in Fig. 1 were implemented.
After combining all the subnetworks together, the perfor-
mance of the 3-Way DB-DPA was verified using EM models
(EM cosimulation). The fabricated 3-Way DB-DPA is shown
in Fig. 18. The PA is built on a Rogers IsoClad 917 with a
relative dielectric constant of 2.2 and a thickness of 31 mil.
A Wolfspeed’s GaN HEMT transistor (CHG40010F) is used
for the three amplifiers. The final ADS momentum simulation
results of the 3-Way DB-DPA will be compared with the CW
measurements in Section IV.

IV. MEASUREMENT OF THE NOVEL 3-WAY DB-DPA

A. CW Measurements

The new 3-Way DB-DPA was tested using a large-signal
network analyzer (LSNA) for CW signals. The testbed setup
of the LSNA measurement is shown in Fig. 19. The CW SB
mode (nonconcurrent) measurements at fL and fU are shown
in Fig. 20. They are based on the input power points (green
circles) shown in Fig. 21.
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Fig. 20. CW simulations versus measurements at 1.5 and 2.0 GHz for the
SB mode.

Fig. 21. 10-MHz LTE uncorrelated signals before 2-D CFR (black dots),
after 2-D CFR (red dots), and CW measurements in an SB operation (green
circles) and in concurrent operation (blue circles).

The measured CW SB efficiency at the lower band
(1.5 GHz) shows a peak and backoff efficiencies of 82.8% and
66.6%, respectively. The OBO for the lower band is equal to
9.6 dB. The measured drain efficiency (black line with hollow
circles) at the lower band has slightly better performance than
the EM simulation efficiency result, which is shown using a
black line with solid circles. The measured SB gain at fL is
around 10 dB.
The measured CW SB drain efficiency at the upper-band

(2.0 GHz) is 70.0% at peak and 48.4% at backoff. Its OBO
is equal to 9.4 dB. There is a degradation of the measured
efficiency at backoff (blue line with hollow squares) compared
to simulation (blue line with solid squares). This degradation
is associated with the input second harmonic of the main
amplifier at the upper-band. The measured phase of the input

Fig. 22. CW measurements at 2.00 GHz (black circles) and at 2.01 GHz
(red circles) with fixed 1.50 GHz for concurrent operation.

Fig. 23. CW simulations versus measurements for the CB mode.

second-harmonic reflection coefficient �S( fU ) was shifted to a
lower value after fabrication. This was verified in a subsequent
harmonic balance simulation to cause the 3-Way DB-DPA
drain efficiency to degrade at backoff for the upper-band. The
measured SB gain at fU is around 11 dB.

For the CW concurrent mode evaluation of the 3-Way
DB-DPA, 114 operating points with different amplitude ratio
K between the two input RF signals were selected in the
(|xL |2, |xU |2) power space as shown in Fig. 21 using blue
circles. The results for the CW concurrent total efficiency for
these 114 dual-band operating points at 1.50 and 2.00 GHz
are shown in black filled circles in Fig. 22.
To test the phase independence of the CW performance

of the 3-Way DB-DPA, the upper band is set to 2.01 GHz
instead of 2.00 GHz. Note that for this 10-MHz frequency
shift, the greatest common divider between fL and fU is
now 30 MHz instead of 500 MHz. The results for the CW
concurrent efficiency when using 2.01 and 1.50 GHz are
shown in red-filled circles in Fig. 22. Note that shifting the
upper frequency by 10 MHz is equivalent to sweeping the
phase of xU from 0 to 2π over a period of 0.1 µs. The
similarity between the concurrent responses for 2 GHz (black)
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Fig. 24. SB output-power spectral density and AM/AM and AM/PM before (blue) and after (red) DPD for (a) and (e) 10-MHz OFDM at 1.5 GHz,
(b) and (f) 10-MHz LTE at 1.5 GHz, (c) and (g) 10-MHz OFDM at 2.0 GHz, and (d) and (h) 10-MHz LTE at 2.0 GHz.

Fig. 25. Concurrent output-power spectral density and AM/AM and AM/PM before (blue) and after (red) DPD, for two uncorrelated 10-MHz LTE signals.
(a) and (c) 6.86-dB PAPR at 1.49 GHz. (b) and (d) 6.27-dB PAPR at 2.01 GHz.

and 2.01 GHz (red) demonstrates the independence of the
CW performance of the 3-Way DB-DPA to the relative phase
between the CW excitation. Nevertheless, the CW concurrent
performance of the PA in CB mode exhibits a slightly better
efficiency at 2.01 GHz than 2.0 GHz. This is verified in Fig. 23
where the measured peak efficiency in the CW CB (K = 1)
mode is seen to reach 66.2% at 2.01 GHz. This shows that the
3-Way DB-DPA overcomes the limitation of the conventional
topology in the DB-DPA. Note that the measured CB mode
drain efficiency (black line with hollow circles) is very close
to the EM simulation results (black line with solid circles)
in Fig. 23, despite the degradation in the upper band in the
SB mode.
The measured CB mode power gains at 1.5 and 2.0 GHz are

also shown in Fig. 23 for CW excitations. The measured power
gain in the CB mode is degraded by about 3 dB in average
compared to the simulated power gains. This degradation is
believed to originate from both fabrication issues as well as
limitations in the GaN HEMT model accuracy.

B. SB and Concurrent Modulated Signal Measurements
With 2-D CFR

The 3-Way DB-DPA was tested using modulated signals in
both the SB and concurrent modes of operation. The output
power spectral density and AM/AM and AM/PM before (blue)

and after (red) digital predistortion (DPD) are shown in Fig. 24
for the SB mode and in Fig. 25 for the concurrent mode.
For the SB mode, a 10-MHz OFDM signal with 9.5-dB

PAPR was injected at 1.5 GHz, and the DPD results are shown
in Fig. 24(a) and (e). The average power and drain efficiency
before DPD are 31.8 dBm and 53.3%, respectively. After
DPD, the average power and drain efficiency are 31.2 dBm
and 50.4%, respectively. A 10-MHz LTE signal with 6.1-dB
PAPR was also injected at fL , and the DPD results are shown
in Fig. 24(b) and (f). The average power and drain efficiency
at 1.5 GHz before DPD are 35.9 dBm and 68.4%, respectively.
After DPD, the average power and efficiency are 35.1 dBm
and 65.0%, respectively. The same signals are applied for the
upper band (2.0 GHz) in the SB mode. The DPD results at
the 2.0 GHz when using 10-MHz OFDM signal with 9.5-dB
PAPR are shown in Fig. 24(c) and (g). The average power and
efficiency before DPD are 32.9 dBm and 41.4%, respectively.
After DPD, the average power and efficiency are 33.4 dBm
and 41.2%, respectively. Similarly, a 10-MHz LTE signal with
6.1-dB PAPR is injected at 2.0 GHz. The DPD results are
shown in Fig. 24(d) and (h). The average power and drain
efficiency before DPD are 37.5 dBm and 55.3%, while the
results after DPD are 37.4 dBm and 53.7%, respectively.
A summary of the modulated signal results in the SB mode is
shown in Table IV. For the concurrent mode, two uncorrelated
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TABLE IV

SB MODE MODULATED SIGNAL MEASUREMENTS

TABLE V

CONCURRENT MODE MODULATED SIGNAL MEASUREMENTS

TABLE VI

COMPARISONWITH RECENT DUAL-BAND DOHERTY PAs

10-MHz LTE signals are used. Their associated 2-D power
distribution is shown using black dots in Fig. 21. In order
to avoid hard clipping in the auxiliary PA of the 3-Way
DB-DPA, a 2-D CFR technique similar to the ones reported
in [18] and [24] was used. The following equation was used
for the 2-D CFR:

x ′
L/U (n) =

⎧⎪⎨
⎪⎩

xL/U (n)

T
if |xL | + |xU | ≤ T

xL/U (n) × 1

|xL | + |xU | if |xL | + |xU | > T

where T represents the clipping threshold of the 2-D signals
at which the 2-D CFR is applied. T = 0.9220 was used in
this work. After using the 2-D CFR, a spectral regrowth is
observed. A cascade of finite impulse response (FIR) filtering
was used to remove the spectral regrowth in order to increase
the dynamic range after the 2-D CFR. The final 2-D signals
plotted in the (|xL |2, |xU |2) space before the injection are

shown with red dots in Fig. 21. After 2-D CFR, the final
PAPRs are 6.86 dB at 1.49 GHz and 6.27 dB at 2.01 GHz.
These dual-band signals were injected concurrently at the

inputs of the new 3-Way DB-DPA. Note that lower and upper
frequencies of 1.49 and 2.01 GHz were selected so that the
even-order IM products are not located in bands. The output
power spectral density and AM/AM and AM/PM before (blue)
and after (red) DPD are shown in Fig. 25(a) and (c) for
1.49 GHz and Fig. 25(b) and (d) for 2.01 GHz. The average
total powers and average concurrent efficiencies before and
after DPD are 37.7/37.5 dBm and 55.2/54.2%, respectively.
A summary of the concurrent modulated signal results is given
in Table V. Finally, a comparison of the results obtained
with the new 3-Way DB-DPA with published results is given
in Table VI for similar devices. Given that the comparison
is for relatively similar LTE signals in terms of frequencies,
bandwidth, and PAPR, the new 3-Way DB-DPA exhibits
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a significantly larger concurrent power efficiency compared
to other 2-Way DB-DPAs while providing a reasonable output
power.

V. CONCLUSION

A novel 3-Way DB-DPA has been designed at 1.5 and
2.0 GHz. This new dual-band PA consists of two main ampli-
fiers to handle each band individually and a single auxiliary
amplifier that is shared by both bands. A preliminary analysis
of clipping, phase, and IM effects on the 3-Way DB-DPA has
been performed to guide the design. A comprehensive theory
and design methodology was developed and reported for the
3-Way DB-DPA. Essentially by using two main amplifiers,
early clipping in concurrent dual-band operation is avoided,
allowing for both of the main amplifiers to benefit from load—
pulling from the auxiliary amplifier. Furthermore, to make
the SB operation compatible with the concurrent dual-band
operation, the voltage saturation in the main amplifier in
SB operation is first achieved by clipping for gate drives
between the CB backoff (VGS,mb1) and SB backoff (VGS,mb2)
before load—pulling takes over. The 3-Way DB-DPA using
two main amplifiers achieves a higher concurrent efficiency
compared to the conventional 2-Way DB-DPA. This has been
verified by a theoretical analysis and a statistical analysis using
CW simulations and validated in measurements. The 3-Way
DB-DPA was implemented and fabricated, and it was exper-
imentally evaluated using both CW and modulated signals.
The 3-Way DB-DPA achieved in measurement a concurrent
average efficiency of 54.2% and an average total power
of 37.5 dBm after DPD, which corresponds to a significant
improvement on previously reported Doherty PAs designed
for dual-band concurrent operation. To the best of the authors’
knowledge, this is the first 3-Way DB-DPA that features two
main amplifiers and a single auxiliary amplifier.
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