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Enhancing Bandwidth and Back-Off Range of
Doherty Power Amplifier With Modified

Load Modulation Network
Yang Xu, Graduate Student Member, IEEE, Jingzhou Pang, Member, IEEE,

Xiaoyu Wang, Graduate Student Member, IEEE and Anding Zhu, Senior Member, IEEE

Abstract—This paper presents a novel methodology for de-
signing broadband Doherty power amplifier (DPA) with extended
output power back-off (OBO) range. A modified load modulation
network (LMN) is proposed to enhance the OBO range and the
bandwidth of the DPA simultaneously. Analysis is conducted to
explore the relationship between the proposed LMN parameters
and the broadband performance under various OBO levels.
Generalized design formulas of the LMN parameters are then
introduced to offer the broadband solution for arbitrary current
ratios and OBO levels. An asymmetric DPA is demonstrated
and implemented with Gallium Nitride (GaN) transistors using
the proposed approach. The fabricated DPA operates from 1.4
GHz to 2.5 GHz with 9-dB OBO range. The measured drain
efficiency reaches 61%-75.5% at saturation and 44.6%-54.6% at
9-dB OBO within the operating bandwidth. When driven by a
60 MHz modulated signal with 9-dB peak-to-average power ratio
(PAPR), the fabricated DPA attains 47.4%-53.5% average drain
efficiency and better than -45.5 dBc adjacent channel leakage
ratio (ACLR) after digital predistortion.

Index Terms—5G, broadband, Doherty amplifier, GaN, load
modulation, power amplifier.

I. INTRODUCTION

W ITH the rapid development of modern wireless com-
munication systems, dramatic increase in data traffic

poses significant challenges on implementing radio frequency
(RF) power amplifiers (PAs) in wireless transmitters. On one
hand, the growing traffic and data rates demand the PAs
to support wide signal bandwidth. On the other hand, to
improve spectrum efficiency, modulated signals with high
peak-to-average power ratio (PAPR) are commonly adopted
that require the PAs to provide high efficiency performance not
only at saturation but also at output power back-off (OBO). It
is thus desirable to have PA architectures that can achieve high
OBO efficiency cross broad bandwidth. This desire becomes
imminent in the 5G era, since the signal bandwidth is expected
to be extended to hundreds of MHz and a variety of higher
order modulation schemes leads to different OBO levels.
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In past decades, many techniques and architectures, such
as Doherty power amplifier (DPA), out-phasing and envelope
tracking, have been proposed to improve the PA efficiency per-
formance at OBO. Among them, DPA has become one of the
most popular techniques for OBO efficiency enhancement be-
cause of its simple circuit structure and high reliability. How-
ever, the conventional DPA that adopts a quarter-wavelength
transmission line (TL) as the load modulation network (LMN)
is intrinsically narrow band, and the power back-off level that
the conventional DPA can offer is limited. To improve the
efficiency when transmitting high PAPR modulated signals, the
asymmetric DPA architectures can be deployed to extend the
OBO range. To realize the asymmetric DPAs, active devices
with different sizes [1]–[3], or asymmetric supply voltage [4],
[5] can be adopted. In these asymmetric DPA architectures, a
larger size active device or a higher drain bias voltage are
used in the peaking PAs to ensure higher peaking output
power. Unlike these asymmetric DPAs, for the DPAs utilizing
the equal-cell devices, the OBO range can also be enhanced
through modifying the current combining strategy between the
carrier and the peaking PAs [6]–[8]. It should be noticed that,
as the LMNs of the above mentioned DPAs usually require
higher impedance transformation ratio, it is thus difficult for
them to maintain high performance cross wide bandwidth.

Since the bandwidth limitation is mainly caused by the
frequency dependent behavior of the quarter-wavelength TL,
lots of efforts have been made to obtain wider bandwidth
by modifying the LMN architecture in DPA [9]–[12]. The
impact from the matching network of the peaking amplifier on
bandwidth was also discussed in [13], [14]. It has been shown
that, when a half-wavelength TL or two quarter-wavelength
TLs with different characteristic impedances are employed in
the peaking branch, the bandwidth of DPAs can be greatly
extended [15]–[17]. By employing other techniques such as
using the complex load [18], [19], adding a stub at the combin-
ing node [20], [21], optimizing the post-matching architecture
[22], [23], adopting the continuous mode theory [24], [25] and
exploring the phase characteristics of the LMNs [26]–[28], the
bandwidth of DPAs can also be extended. Despite efforts were
made, these bandwidth extension techniques mainly focus on
DPAs with 6-dB OBO. When considering the DPAs with larger
OBO ranges, the designs become much more complex. This
is because that, the available OBO is decided by the LMN
structure and the corresponding design parameters. Even under
the same OBO level, the presented bandwidth performance
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varies with the LMN design. Therefore, the bandwidth ex-
tension technique under a specific OBO level might not be
applicable to the design at other different OBO levels.

To enhance the OBO range and the bandwidth simultane-
ously, some efforts have been made by combining the above
mentioned techniques together [29]–[33]. In these approaches,
the desired OBO is usually given at the first step and the LMN
is modified to deliver the satisfied bandwidth performance.
The impedance analysis is then conducted to search for
the optimal LMN and the corresponding current relationship
between the carrier and the peaking amplifiers. Although
these efforts provide practicable methods to design DPAs with
both enhanced OBO range and bandwidth, the bandwidth
performance still depends on the specific LMN structure and
design parameters. The optimal current combining strategy
or the optimal LMN structure might be only suitable for the
designed OBO. At different OBO levels, the LMN should be
re-designed and the optimal parameters must be re-chosen.
Thus, it is difficult to transplant the LMN design directly to
other OBO levels and the bandwidth performance can not be
guaranteed. Very few studies have explored the relationship
between the bandwidth and OBO range and it is also not clear
how the LMN parameters affect the DPA performance.

In this paper, we propose a generalized approach to con-
structing the LMN for broadband DPAs operated at extended
OBO levels. The modified LMN is simple to implement. The
OBO and bandwidth performance of the DPA can be improved
simultaneously by employing this LMN. This network is
composed of several segments of TLs with different char-
acteristic impedances. With the proposed LMN, case studies
that ranging from symmetric to asymmetric structures under
various scenarios are conducted, and the impact of LMN
parameters on bandwidth with respect to the current ratio and
the OBO level is also investigated. Based on these analysis, a
series of generalized formulas for constructing the modified
LMN are proposed, that facilitates the designers to build
the DPA with high efficiency performance at an extended
OBO level cross a wide bandwidth. Unlike other reported
designs, the proposed formulas cover a wide range of OBO and
broadband characteristics at these OBO levels can be obtained
with the proposed approach. Moreover, the analysis made
under different scenarios reveals the relationship between the
LMN parameters and the DPA performance. An asymmetric
DPA with 9-dB OBO range is prototyped to demonstrate the
design procedure.

The rest of the paper is organized as follows. The design
principle of the proposed DPA and case studies are given in
Section II with generalized design formulas for the modified
LMN. In Section III, an asymmetric prototype DPA is designed
based on the optimal LMN parameters suggested by proposed
formulas to validate the design approach. The measured per-
formance of the fabricated DPA is presented in Section IV
with a conclusion in Section V.

II. THE DESIGN PRINCIPLE

As shown in Fig. 1(a), in a conventional DPA, a quarter-
wavelength TL with characteristic impedance of Ropt that is
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Fig. 1. Block diagram of the (a) conventional DPA (b) DPA with modified
LMN.

the optimal impedance of the carrier amplifier, is used as the
LMN. In this design, the bandwidth of the DPA is intrinsically
narrow due to the frequency dependent characteristic of the
quarter-wavelength TL. The OBO level is dependent on the
current ratio of the carrier amplifier over the peaking amplifier.
In a symmetric design, high efficiency only can be achieved
at 6 dB OBO since the LMN transfers the load RL = Ropt/2
to 2Ropt at 6-dB OBO. To meet different design criterion,
the LMN must be modified and its circuit parameters shall be
adjusted accordingly.

The preliminary study in [34] shows, for the LMN that
consists of several segments of TLs, by modifying the charac-
teristic impedance of these TLs, the high efficiency range and
the bandwidth performance of the DPA can be improved. In
this work, we further modify the LMN and propose a general
network structure as shown in Fig. 1(b), where four quarter-
wavelength TLs are used and Zi(i = 1, 2, 3, 4) represents the
characteristic impedance of each TL, respectively.

The modified LMN includes multiple segments of TLs with
changeable characteristic impedance for each segment, which
greatly extends the design space and makes it possible to
accommodate varies settings of the current ratios and OBO
levels required by the DPAs, including both symmetric and
asymmetric architectures. In following subsections, we will
discuss how the LMN parameters can be chosen according to
the OBO and bandwidth requirements in DPA design. Firstly,
the characteristic impedance relationship of the employed TLs
at the center operating frequency is given, and based on this,
the in-phase combining condition is applied to search for
LMN parameters that satisfy the required phase relationship
between the carrier and peaking amplifiers when considering
the broadband operation. Because of the complexity of the
phase relations, direct analytical solutions are hard to find.
Alternatively, cases studies under different operating settings
are discussed. Finally, a series of generalized design formulas
for determining the LMN parameters are given by using data
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fitting.

A. Characteristic Impedance Relationship

For convenience of analysis, the carrier and peaking active
devices are regarded as ideal voltage-controlled current gener-
ators (CGs) in the following discussion. Let’s assume all the
employed TLs have electrical length equal to 90◦ at the center
operating frequency f0. At OBO, the impedances at the CG
planes can be calculated as,

Zc,obo f0 =
Z2
1

Z2
4

RL, (1)

Zp,obo f0 =∞. (2)

where Zc,obo f0 and Zp,obo f0 represents the impedance of
the carrier and the peaking amplifier, respectively. When the
DPA is saturated, the maximum current of the carrier and the
peaking amplifier is defined as Ic,max and Ip,max, respectively.
The current ratio of the carrier amplifier over the peaking
amplifier can then be defined as α = Ip,max/Ic,max. The
impedances at saturation can be calculated as,

Zc,sat f0 =
Z2
1

Z2
4

RL −
Z1Z2

Z3
α, (3)

Zp,sat f0 =
Z1Z2

Z3α
. (4)

where Zc,sat f0 and Zp,sat f0 denotes the impedance at the
carrier and peaking CG plane, respectively, when the DPA is
saturated.

With those impedances, the OBO level β can be expressed
as,

β =

√
(Ic,maxZc,sat f0)2/Zc,obo f0

I2c,maxZc,sat f0 + I2p,maxZp,sat f0
. (5)

When expressed in dB scale, we have OBO = −20log10(β).
By substituting (1)(3)(4) into (5), the carrier impedance at
OBO can be expressed as,

Zc,obo f0 =
1

β
Zc,sat f0 . (6)

By substituting (3)(4) into (6), the peaking impedance at
saturation can also be written as,

Zp,sat f0 =
1

α2
(

1

β
− 1)Zc,sat f0 . (7)

The equations above reveal that the impedances are defined
with respect to the OBO level β and the current ratio α.
With different α and β, the impedances Zc,obo f0 , Zc,sat f0
and Zp,sat f0 vary with them, consequently, determine the
selection of TL characteristic impedances. For instance, in the
conventional symmetric DPA with 6-dB OBO, α = 1 and
β = 1/2, and Zp,sat f0 = Zc,sat f0 , Zc,obo f0 = 2Zc,sat f0 . For
the proposed LMN, there are five LMN parameters, namely,
Z1, Z2, Z3, Z4 and RL. They can be chosen according to
the defined the impedance relationship obtained. Among the
five parameters, three independent parameters can be chosen

freely according to the given impedance relationships, and the
rest two parameters can be obtained based on (1)(3)(4). If
we let Z1, Z2 and RL be the independent parameters, the
characteristic impedances Z3 and Z4 can be then calculated
as,

Z3 =
Z1Z2α

( 1
β − 1)Ropt

, (8)

Z4 = Z1

√
βRL
Ropt

. (9)

Because of the three degrees of freedom, with a given cur-
rent ratio and OBO level, there are more than one feasible
configuration of Zi and RL that can provide the proper
load modulation at the center frequency. When it comes to
the broadband operation, the selection of the independent
parameters can be used to explore the impact on the bandwidth
under the proposed modified LMN.

B. Broadband Operation Based on In-Phase Combining

The bandwidth performance of the modified LMN varies
with the α and β, and is determined by the current combining
strategy, especially for the asymmetric architecture. The cur-
rent relationship at the combing node relates to the selection
of LMN parameters. As shown in Fig. 1(b), the current at the
carrier branch is Icn and the current at the peaking branch is
Ipn. The relationship between Icn and Ipn can be expressed
as,

Icn =
Ic − j sin θZn

Z1
Ipn

cos θ + j sin θZn

Z1

. (10)

Similarly, for the peaking amplifier, the following relationship
can be obtained,

Ipn =
Ip − j sin 2θ

2 ( 1
Z2

+ 1
Z3

)ZnIcn

cos2 θ − Z3

Z2
sin2 θ + j sin 2θ

2 ( 1
Z2

+ 1
Z3

)Zn
(11)

where Zn denotes the impedance at the combining node, and
can be written as,

Zn = Z4
RL + jZ4 tan θ

Z4 + jRL tan θ
, (12)

where θ represents the phase delay of the quarter-wavelength
TL. It can be expressed as θ = (π/2)f , where f is the
operating frequency normalized to the center frequency f0.

The way how Icn and Ipn are combined across the operating
frequency would affect the bandwidth performance. For the
modified LMN, the current relationship at the combining
node becomes complex because of multiple segments of TLs
involved. The magnitudes of Icn and Ipn vary with frequency,
and the phase dispersion of both currents might not be the
same across the operating frequencies. Moreover, the charac-
teristic impedances in (10)(11)(12) are independent parameters
that also are related to the current ratio and the desired OBO
level. Thus, it is difficult to determine the desired current
combining mode analytically, especially when varying both
current ratio and OBO levels. As an alternative, we assume that
Icn and Ipn have same behavior as the conventional DPA. To
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Fig. 2. Simulated impedances inside the bandwidth under the equal impedances at saturation (a) Zc,obo (b) Zc,sat (c) Zp,sat. The current (d) magnitude
and (e) phase of Icn and Ipn at the combing node.

be more specific, Icn and Ipn are expected to perform in-phase
combining across the bandwidth with constant magnitude for
all settings of α and β. The bandwidth performance is then
investigated under this condition.

An assumption is made that the magnitude of Icn and
Ipn keep constant regardless of the frequency variation, and
equal to their values at the center frequency f0. The phase
relationship complies with ∠Icn = ∠Ipn, which guarantees
Icn and Ipn combined in phase at every frequency point. Based
on this assumption, Icn and Ipn can be expressed as,

Icn = Ic
Ropt
Z1

ejθn , (13)

Ipn = Icα
Z2

Z3
ejθn , (14)

where θn represents the phase of Icn and Ipn. To ensure the
correct load modulation process, the phase of Ic should be 90◦

delayed than Ip. When arriving the combing node, the phase
delay is expected as

θn =
π

2
− πf. (15)

At saturation, the current relationship Ip,max = αIc,maxe
jπf/2

should be satisfied. Substituting (13)(14) into (10) and (11)
respectively, the following relationship can be obtained,

ejθn =
Z1

Ropt(cos θ + j sin θZn

Z1

1
β )
, (16)

ej(θ−θn) =
Z2

Z3
cos2 θ − sin2 θ

+ j
sin 2θ

2
Zn(

1

Z2
+

1

Z3
)
Z2

Z3

1

1− β
.

(17)

Under a given α and β, if LMN design parameters satisfy
(16)(17), Icn and Ipn are able to combine in phase inside
the operating frequency band with constant magnitude. As
analyzed, there are three independent parameters that can be
used to explore the bandwidth performance. The LMN design
parameters can be attained by solving the conditions applied.
However, this requires complex mathematical calculations,
and the obtained equivalent characteristic impedances would
be frequency-dependent, which may not be always possible
to implement in real practice. Instead, if we can find the
independent parameters that has real constant numbers and
fit the equations to the greatest extend, they can be considered
as the desired solutions for the proposed modified LMN.

C. Case Studies

The modified LMN is capable of accommodating the flex-
ible configurations of α and β. While α and β are relatively
independent from each other, when selecting different settings
of α and β, the optimal LMN parameters that satisfy the
assumption would vary. To investigate the impact individually,
case studies under different scenarios are conducted. Each
case corresponds to a certain relationship between α and β.
In each scenario, the configuration parameters of α and β
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Fig. 3. Simulated impedances inside the bandwidth under the equal current level (a) Zc,obo (b) Zc,sat (c) Zp,sat. The current (d) magnitude and (e) phase
of Icn and Ipn at the combing node.

are given as the precondition and then, the LMN parameters
are obtained by evaluating the bandwidth performance. With
the data collected from various scenarios, the generalized
broadband solution of LMN parameters can be obtained by
using data fitting.

The carrier impedance at OBO Zc,obo, the saturated
impedances Zc,sat and Zp,sat are simulated to evaluate the
broadband performance. As discussed earlier, when α and
β are fixed, there are three independent parameters for the
proposed LMN. The characteristic impedance of the TLs
can be tuned to search for the combination of Zi and RL
that agrees with the relationship described by (16)(17) most.
According to (9), Z4 relates to β and RL, and parameters
involved in (16) are β, Z1 and RL. This means, at a given OBO
level, Z1 and RL are defined by this relationship regardless of
the current ratio α. Under a given current ratio α, Z2 can be
adjusted to satisfy (17). Once independent parameters Z1, Z2

and RL are found, Z3 and Z4 can be calculated from (8)(9)
subsequently.

1) Case I: Equal Impedances at Saturation: The first case
is that the carrier and peaking CGs have the same optimal
impedance at saturation, namely Zc,sat = Zp,sat = Ropt.
Consequently, the relationship α2 = 1/β−1 can be conducted
according to (7).

With different OBO levels, the current ratio changes ac-
cordingly, independent parameters Z1, Z2 and RL are tuned
to fit conditions applied in (16)(17). Simulated results under
6-/9-/12-dB OBO are shown in Fig. 2, where the simulated
impedances Zc,obo, Zc,sat and Zp,sat are normalized to their

TABLE I
THE TUNED CHARACTERISTIC IMPEDANCES UNDER THE EQUAL

IMPEDANCES AT SATURATION

OBO α Zc,obo f0 Z1 Z2 Z3 Z4 RL

6 dB 1 2 1.4 1.14 1.6 1.29 1.7

9 dB 1.35 2.82 1.8 1.2 1.6 1.52 2

12 dB 1.73 4 2.5 1.34 1.93 2.01 2.6

values at the center frequency for better presentation. The
optimal values of Zi and RL, which have been normalized
to the optimal impedance Ropt, are summarized in Table I. At
OBO, the resistance of Zc,obo has larger variation when the
OBO level increases, while the reactance is almost constant
across the bandwidth of interest. At saturation, larger variation
of Zc,sat and Zp,sat can be observed at higher OBO level.
The resistance of Zc,sat shows more steady performance
compared to its reactance. Whereas for Zp,sat, the reactance
of it maintains a relatively flat frequency response compared
to the resistance. With increasing OBO level, the magnitude
of Ipn alters more than that of Icn inside the bandwidth. But
it is the opposite with respect to the phase, ∠Ipn sticks to
the expected θn while ∠Icn differs from it as the frequency
deviating from the center frequency.

2) Case II: Equal Current Level: The second case analysed
is the DPA in which the saturated current levels of two
active devices equal to each other. In this situation, for a
given OBO level, the current ratio remains constant, and
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Fig. 4. Simulated impedances inside the bandwidth under the equal supply voltage (a) Zc,obo (b) Zc,sat (c) Zp,sat. The current (d) magnitude and (e) phase
of Icn and Ipn at the combing node.

we can simply obtain α = 1. At the center frequency, the
saturated impedance of the peaking amplifier when referring
to the carrier optimal impedance Ropt can be expressed as
Zp,sat f0 = (1/β−1)Ropt. Similarly, Z1, Z2 and RL are tuned
to search for the optimal broadband solution. The simulated
impedance results under 6-/9-/12-dB OBO are shown in Fig.
3 and the obtained characteristic impedances Zi and RL are
summarized in Table. II. Since Zc,obo f0 only depends on β
which is the same as the previous case discussed, its value is
not repeated in this table.

The 6-dB OBO case is the same as the previous one since
the equal current level and the equal saturated impedance
happen at the same time. With a larger OBO level, the increase
of Zc,obo resistance is slightly bigger than that in the last
case discussed, the reactance still maintains almost constant
across wide bandwidth. At saturation, behaviours of Zc,sat and
Zp,sat are similar with that in the case of equal impedances at
saturation, but the fluctuation inside the bandwidth is relatively
larger. The magnitude and phase of Icn and Ipn increase
sharply with large OBO level. Due to the large variation, the
available bandwidth is reduced.

3) Case III: Equal Supply Voltage: The third case is when
the carrier and peaking CGs have the same drain supply
voltage which is quite common in practice. The drain supply
voltage adopts the maximum fundamental voltage reached at
saturation, which is represented by Vc,max for the carrier
amplifier and Vp,max for the peaking amplifier. Based on (7),

TABLE II
THE TUNED CHARACTERISTIC IMPEDANCES UNDER THE EQUAL

CURRENT LEVEL

OBO Zp,sat f0 Z1 Z2 Z3 Z4 RL

6 dB 1 1.4 1.14 1.6 1.29 1.7

9 dB 1.82 1.8 1.82 1.8 1.51 1.98

12 dB 3 2.46 2.88 2.36 1.98 2.6

when considering the drain supply voltage we have

Vp,max =
1

α
(

1

β
− 1)Vc,max (18)

Thus, the relationship between α and β can be conducted
as α = 1/β − 1 when Vc,max = Vp,max. The saturated
impedance of the peaking amplifier at the center frequency
can be written as Zp,sat f0 = Ropt/α. With 6-/9-/12-dB OBO,
the independent parameters Z1, Z2 and RL are tuned for the
optimal broadband performance. Fig. 4 presents the simu-
lated impedance performance, and the optimal characteristic
impedances Zi and RL are summarized in Table. III. The
impedance Zc,obo f0 remains the same under the discussed
OBO, and is not repeated in this table.

The 6-dB OBO case is the same as previous cases since the
drain supply voltage is the same for both PAs. At OBO, the
impedance variation of Zc,obo between different OBO levels
is reduced than the previous two cases. At saturation, the real
part variation of Zc,sat and Zp,sat is also smaller compared
to the imaginary part. Similarly for the currents Icn and Ipn
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Fig. 5. Circuit schematic of the proposed DPA.

TABLE III
THE TUNED CHARACTERISTIC IMPEDANCES UNDER THE EQUAL SUPPLY

VOLTAGE

OBO α Zp,sat f0 Z1 Z2 Z3 Z4 RL

6 dB 1 1 1.4 1.14 1.6 1.29 1.7

9 dB 1.82 0.55 1.8 0.82 1.47 1.52 2

12 dB 3 0.33 2.5 0.64 1.6 2.02 2.6

at the combining node, the fluctuation of the magnitudes is
reduced, and the phases agree with the expected θn at wider
bandwidth.

D. Generalized Design Formulas

Through assigning different combinations of α and β in the
case studies, the impact of LMN parameters on broadband
performance is clear now. The simulation results show that,
inside the investigated bandwidth, the modified LMN can
provide relatively flat impedance performance at OBO for all
cases. The saturated impedances vary from case to case, but
its deviation from optimal values can be controlled within
a certain range. In contrast to the conventional symmetric
DPA, the asymmetric current offers broader bandwidth and
it can help to extend the back-off level simultaneously. The
bandwidth performance is better in the scenarios with larger
current ratio α. Moreover, with increasing OBO level, the
bandwidth that can provide satisfied impedances also shrinks.
Within the frequency region where Icn and Ipn have relatively
flat magnitude and synchronized phase, the impedances at
OBO and saturation stick to the optimal value at f0 better.
Thus, how ∠Icn and ∠Ipn follow θn can be used as the
guideline for estimating the bandwidth.

Observing the simulated data under different scenarios, the
TL characteristic impedance variation with the current level α
and the OBO level β follows a certain pattern. When OBO is

TABLE IV
CALCULATED CHARACTERISTIC IMPEDANCES BASED ON PROPOSED

FORMULAS

OBO α Z1 Z2 Z3 Z4 RL

6 dB 1 1.414 1.148 1.624 1.307 1.707

9 dB
1

1.79
1.836 1.812

1.515 2.0121.35 1.206 1.607

1.82 0.796 1.423

12 dB
1

2.482
2.87 2.37

1.991 2.5761.73 1.33 1.906

3 0.616 1.53

fixed, Z1 and RL maintain at a constant level, and that agrees
with the assumption made in (16). Both of them increase with
OBO level, and can be concluded as the function of β. While
β is in inverse proportion to the OBO level, thus either its
fraction 1/β or the element 1/β − 1 appeared in (6) can be
used to fit the function. Since the value increases with OBO
at different gradients and are not linear, the exponent of β is
adopted. Z2 varies with both α and β, thus the fitting for it can
be divided into two parts. Firstly, the fitting for β is conducted
under the equal current level case where α = 1. Then, the
data for modeling the tendency of α can be extracted. With
increasing α, Z2 shows inversely proportion to it, similarly,
the fraction 1/α and the exponent of α are used to search for
the corresponding fitting function.

From the characteristic impedance data under the discussed
scenarios in Tables I, II and III, the following formulas can
be used to calculate Z1, Z2 and RL to meet the design
requirements:

Z1 =

√
2

4β2( 1
β − 1)

3
4

Ropt, (19)
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Fig. 6. Simulated impedance of the designed DPA at OBO and saturation
based on proposed formulas.

Z2 =
1

2α1.4

1

β0.7
(

1

β
− 1)

1
4

√√
1

β
− 1 + 1Ropt, (20)

RL =
1√
2

[
1

4
(

√
1

β
− 1 +

1√
1
β − 1

)2

+
1

2β
3
2

√
1
β − 1

]Ropt,

(21)

while Z3 and Z4 can be calculated by using (8)(9). To verify
proposed formulas, the calculated results are presented in
Table IV under the same α and β settings. It can be seen
that, the calculated characteristic impedances agree well with
the simulated results in all cases.

With the proposed formulas, the parameters of the LMN can
be properly chosen in order to meet broadband performance
for a wide range of α and β. The proposed formulas thus offer
a generalized broadband solution to construct the LMN under
an arbitrary current level α and OBO level β, including both
symmetric and asymmetric DPA designs.

III. DPA DESIGN

A prototype DPA was designed with Wolfspeed GaN
HEMTs to validate the proposed design methodology and
formulas. Based on the analysis, the asymmetric architecture
with larger current ratio has better broadband performance. In
this prototype, the CGH40010F transistor was selected for the
carrier amplifier while the CGH40025F transistor was used
for the peaking amplifier. The circuit was implemented on the
Taconic TLY-5 substrate with dielectric constant of 2.2 and 30
mil thickness. The center operating frequency was set to 2.0
GHz. The circuit schematic of the DPA is shown in Fig. 5.

The carrier amplifier worked in Class-B mode, and the bias
was chosen as Vg,c = -3 V, Vd,c = 28 V. Under this bias
condition, the optimal impedance Ropt = 30 Ω at the intrinsic
plane can be obtained according to the load-pull simulation,
and the fundamental current magnitude can be estimated as 1.0
A at saturation. For the peaking amplifier, the drain supply
voltage was adjusted to Vd,p = 30 V, and α = 1.65 can be
then expected. The gate bias was chosen at Vg,p = -6 V. The
saturated impedance for the peaking amplifier was calculated

OMNc

Package plane
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OMNp

Z 3
 =

 4
4.

4 
Ω
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Carrier
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50 Ω

Z5 = 54.7Ω
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Fig. 7. The load modulation network of the DPA.
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Fig. 8. Simulated impedances at the intrinsic plane at OBO and saturation
of the proposed DPA.

as Zp,sat = 20 Ω at the intrinsic plane. According to (7),
the expected OBO level can reach 9 dB. The LMN was
designed according to the characteristic impedances calculated
from (8)(9)(19)(20)(21), the values are Z1 = 1.79Ropt, Z2 =
0.91Ropt, Z3 = 1.48Ropt, Z4 = 1.52Ropt, RL = 2Ropt. The
carrier impedance at OBO was estimated as Zc,obo f0 = 84.5
Ω.

With the proposed formulas, the calculated impedances for
both amplifiers at OBO and saturation are illustrated in Fig.
6. At power back-off, the proposed LMN provides almost
constant impedance inside 40% fractional bandwidth. Zc,obo
increases a little with broader bandwidth, but still maintains at
a satisfied level. When saturated, the real part of Zc,sat shows
small variation inside 60% fractional bandwidth, whereas
Zp,sat increases when deviating from the center frequency.
The imaginary part of both Zc,sat and Zp,sat shows similar
performance inside 40% fractional bandwidth, but Zc,sat rises
more when extending to a wider bandwidth. Based on the
analysis results, the bandwidth ranging from 1.4 GHz to 2.6
GHz can be achieved which corresponds to 60% fractional
bandwidth.

In the analysis, Z1 and Z2 were connected to the CG planes
directly. In practice, drain parasitic and package parameters
need to be taken into consideration. Therefore, two match-
ing networks absorbing the parasitic and package parameters
were designed for both the carrier and peaking amplifiers
as two equivalent quarter-wavelength TLs with characteristic
impedance of Z1 and Z2, respectively. The extracted parasitic
and package parameters of the carrier and peaking amplifier
were obtained from [35] and [36] respectively. It should
be noticed that the desired load was RL = 60 Ω, thus a
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Fig. 9. Simulated drain efficiency and gain performance versus output power
within the frequency range (a) 1.4-1.9 GHz and (b) 2.0-2.6 GHz.
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Fig. 10. Simulated drain efficiency at power saturation and 9-dB OBO,
saturated power and small signal gain performance versus operating frequency.

matching network was added after Z4 to transform RL to the
standard system load, which can be fulfilled by one quarter-
wavelength TL with characteristic impedance Z5. The entire
LMN structure is shown in Fig. 7. With the launched LMN,
the simulated impedances at OBO and saturation for both
amplifiers at the intrinsic plane are presented in Fig. 8.

To provide the proper input power to both amplifiers, a
broadband uneven Wilkinson power divider was designed and
applied. The input power delivered to the carrier amplifier
was Pin,c, and that of the peaking amplifier was Pin,p, the
input power split ratio was Pin,p - Pin,c = 3.5 dB. The input
matching network of each PA was designed according to the
source-pull simulation which can provide broadband matching

Fig. 11. Photograph of the fabricated DPA.

for both the carrier and the peaking amplifiers. A phase offset
line was added before the input matching network of the
carrier amplifier to assure the proper phase relationship. All
design parameters were tuned for the optimized performance.

Power sweep simulation results within the operation band-
width are presented in Fig. 9. It can be seen that the proposed
PA achieves 9-dB OBO across the 60% fractional bandwidth.
The drain efficiency maintains at a high level throughout
the whole operating frequency band. To better present the
simulated performance, frequency sweeping results are shown
in Fig. 10. The maximum saturated output power reaches 45.5
dBm, and keeps above 44.2 dBm within the whole frequency
range. The simulated small signal gain ranges in 12.3-15.9
dB. At saturation, the drain efficiency is above 57.4%, and
reaches as high as 76.9% at 2.6 GHz. At 9-dB OBO, the
drain efficiency of designed DPA maintains at high level
across the operating frequency band, ranging from 48.1%
to 58.6%. The simulation results show the feasibility of the
proposed bandwidth and power back-off enhanced DPA design
approach.

IV. EXPERIMENTAL RESULTS

The photo of the fabricated DPA is shown in Fig. 11 and
the circuit size is 170 mm × 100 mm. The DPA was mounted
on a heat sink to dissipate the heat during the PA operating.
Continuous wave (CW) and modulated signal measurements
were conducted. A signal generator was used to provide the
proper input signal, and a broadband linear driver was adopted
to boost the input power level, and connected between the
signal generator and the fabricated DPA. A spectrum analyzer
was used to monitor the output signal, and a 30-dB attenuator
was inserted before the spectrum analyzer. Several dc voltage
suppliers were used to provide desired gate and drain biases.

A. CW Measurement

The measured power sweeping results are shown in Fig.
12, and the frequency sweeping performance is shown in Fig.
13. The target frequency range was from 1.4 to 2.6 GHz
in the simulation. During the implementation, the operating
bandwidth shifted to the lower frequency a little, and the
frequency 2.6 GHz fall outside the valid bandwidth. Thus,
the frequency range 1.4-2.5 GHz is presented in the measured
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Fig. 12. Measured drain efficiency and gain performance versus output power
within the frequency range (a) 1.4-1.9 GHz and (b) 2.0-2.5 GHz.
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Fig. 13. Measured drain efficiency at power saturation and 9-dB OBO,
saturated power and small signal gain performance versus operating frequency.

results, which still corresponds to 56.4% fractional bandwidth.
The saturated power inside the bandwidth is above 44 dBm.
The maximum output power reaches 45.9 dBm at 2 GHz, and
70% drain efficiency is obtained at this frequency point. The
drain efficiency achieves as high as 75.5% at 2.3 GHz, and
it maintains over 61% when saturated. At 9-dB OBO, the
DPA offers high efficiency across the entire bandwidth. The
highest efficiency obtained is 54.6% at 1.4 GHz, and the lowest
drain efficiency still reaches 44.5% at 2.2 GHz. The measured
small signal gain ranges from 12.1 dB to 16.3 dB. The CW
measurement results show that the proposed DPA exhibits the
bandwidth and the OBO extension simultaneously.
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Fig. 14. Spectrum measured under (a) 20 MHz signal at 1.6 GHz (b) 60
MHz signal at 1.6 GHz (c) 20 MHz signal at 2.0 GHz (d) 60 MHz signal at
2.0 GHz (e) 20 MHz signal at 2.4 GHz (f) 60 MHz signal at 2.4 GHz with
9-dB PAPR before and after DPD.

TABLE V
MEASURED ACLR RESULTS WITH AND WITHOUT DPD.

Freq. ACLR (dBc) ACLR with DPD (dBc)
(GHz) 20 MHz 60 MHz 20 MHz 60 MHz

1.6 -29.8 -27.2 -56.3 -45.5
2.0 -30.6 -26 -56.8 -47.4
2.4 -27.3 -25.1 -56.7 -47.4

B. Modulated Signal Measurement

To evaluate the linearity performance, the fabricated DPA
was tested with the OFDM signal with 9-dB PAPR. The
measurements were carried out at 1.6 GHz, 2.0 GHz and 2.4
GHz respectively, and the signal bandwidths include 20 MHz
and 60 MHz.

Digital predistortion (DPD) was applied to linearize the
DPA. The measured output signal spectrum is presented in Fig.
14. At 1.6 GHz, the measured adjacent channel leakage ratio
(ACLR) is -29.8 dBc with 20 MHz signal and -27.2 dBc with
60 MHz signal. With DPD, the ACLR reaches -56.3 dBc and -
45.5 dBc respectively. 54.6% average efficiency and 37.3 dBm
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TABLE VI
PERFORMANCE COMPARISON WITH PUBLISHED DPA DESIGNS

Ref.
Year Arch. Freq.

(GHz)
FBW
(%)

DEsat

(%)
OBO
(dB)

DEobo

(%)
Psat

(dBm)
Gain
(dB)

Signal
(MHz)

PAPR
(dB)

Pavg

(dBm)
DEavg

(%)

ACLR
w.o.
DPD
(dBc)

ACLR
with
DPD
(dBc)

[2]
2015 Asym. 0.75-0.95 23.5 55.4-

64.7 6 51.5-
63.8

48-
48.8

14-
15.8 20 9.5 39 44 -26∼

-22.2* -

[3]
2016 Asym. 1.6-2.2 31.6 60-

71 10 51-
55 46 15-

17* 20 9.1 36 50-
53*

-32∼
-27*

-52∼
-48*

[29]
2016 Asym. 1.55-2.35 41 53.8-

72.9
8-
9

50.4-
56.2

43.7-
45.2

8.2-
10.6 5 8.3 36.5 - -29.7 -50.3

[24]
2018

CM-
DPA 1.6-2.7 51 56-

75.3 6 46.5-
63.5

43.8-
45.2

9.4-
11.5 20 7.4 36.5-

37.5
41.5-

58
-31.7∼
-26.5 -50.1

[30]
2018 Sym. 1.35-2.05 41 65-

75 9 52-55 41.5-
42.4

11.5-
14.5* 40 8.9 33 50-

53
-33∼
-23

-51∼
-46.5

[5]
2018 Asym. 1.6-1.9 17.1 78.3-

83
10-
10.6

46-
46.3

43-
44.6

9.9-
11 5 9.6 32.2 46.5-

50*
-34∼
-32* -53.3

[14]
2019 Sym. 1.9-2.4 23 65.2-

71.8
8.5-

9
44.2-
49.7

44.1-
44.8

11-
14* 20 9 - - -31.1∼

-26.8
-50.3∼

-45
[18]
2019 Sym. 1.1-2.4 74 55.4-

68 6 43.8-
54.9

43.3-
45.4

9.5-
11.1 20 6.5 36.5-

38.5
42.5-
53.5

-31.5∼
-26.5 -49

[26]
2020 Sym. 1.4-2.55 58 62-

74 6 48-
58

41.9-
42.2

10-
14.8* 6* 6.6 35.5 45-

57
-38∼
-32*

-56∼
-45

This
Work Asym. 1.4-2.5 56.4 61-

75.5 9 44.6-
54.6

44-
45.9

12.1-
16.3

20/
60 9

36.4-
37.3/
36.1-
37.1

49.9-
57.6/
47.4-
53.5

-30.6∼
-27.3/

-27.2∼
-25.1

-56.7∼
-56.3/

-47.4∼
-45.5

* Read from graphs.
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Fig. 15. Measured AM/AM and AM/PM performance with 9-dB PAPR 60
MHz signal at 2.4 GHz with and without DPD.

output power is obtained under 20 MHz signal, and 53.5%
efficiency and 37.1 dBm output power is obtained under 60
MHz signal. At 2.0 GHz, the measured ACLR is -30.6 dBc and
-26 dBc under 20 MHz and 60 MHz signal respectively, and is
further improved to -56.8 dBc and -47.4 dBc after performing
DPD. When driven by a 20 MHz signal, the measured average
output power is 36.5 dBm with 49.9% average efficiency. For
the 60 MHz signal, the measured efficiency is 47.4% with
36.2 dBm output power. At 2.4 GHz, with 20 MHz signal, the

measured ACLR is -27.3 dBc, and is improved to -56.7 dBc
with DPD. The average efficiency is 50.4% with 36.4 dBm
output power. When driven by 60 MHz signal, the measured
ACLR is -25.1 dBc, but can reach -47.4 dBc after conducting
DPD. The measured efficiency and output power is 47.4%
and 36.1 dBm respectively. The ACLR performance before
and after DPD is summarized in Table V for comparison.
The measured AM/AM and AM/PM with and without DPD
is reported in Fig. 15 under 60 MHz 9-dB PAPR signal
at 2.4 GHz. In general, when tested with modulated signal
with high PAPR, the fabricated DPA shows satisfied linearity
performance.

C. Performance Comparison

The performance of the fabricated PA is summarised and
compared with other published DPA designs in Table VI. In
comparison with other modified DPAs that focus on band-
width extension, the fabricated design provides comparable
bandwidth performance. Most symmetric DPAs show great
bandwidth performance but the OBO is limited to 6 dB. When
comparing with OBO enhanced designs of both symmetric
and asymmetric architectures, the fractional bandwidth of the
fabricated DPA is the widest among all. The modulated signal
measurement results show the high average efficiency across
the bandwidth when compared with other designs, and the
measured ACLR for 20 MHz signal is the best among all.
When considering bandwidth, OBO and linearity performance
all together, the proposed DPA presents well-balanced perfor-
mance with respect to the mentioned criterion.
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V. CONCLUSION

This paper presented a novel methodology for designing
bandwidth and power back-off enhanced Doherty power am-
plifier. A modified LMN was proposed to provide broadband
solutions for a wide range of OBO and current ratio in DPA
design. Case studies were conducted to investigate the rela-
tionship between the bandwidth and LMN parameters under
different OBO levels. Based on the analysis, a series of gen-
eralized formulas were derived. The LMN parameters could
be easily obtained from the proposed formulas without going
through complicated LMN designs. An asymmetric prototype
DPA was designed and implemented, achieving 56% fractional
bandwidth. The measured drain efficiency at saturation and 9-
dB OBO reaches 61%-75.5% and 44.6%-54.6%, respectively.
The modified LMN is easy to implement and the design
approach is very general. The proposed methodology is thus
beneficial in broadband DPA designs.
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