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ABSTRACT This paper presents a new compact load network for Doherty power amplifiers (DPAs) with
only two matching networks, such as an output matching network of the carrier amplifier, and the post-
matching network (PMN), even in the presence of parasitic circuits of the packaged transistor. The load
network of the carrier amplifier can be configured using a simple L-section matching structure for the
complex load impedance. No matching network is required between the peaking amplifier and the current
combining junction. As a result, the proposed load network can have a very compact structure with only a
short transmission line, and a shunt element for the carrier amplifier, in addition to the PMN. To verify the
proposed circuit, a DPA based on two packaged GaN-HEMTs was designed and implemented to have a peak
output power of more than 43 dBm for the 3.5-4.0 GHz band. By the measurement results using a 5G NR
signal with a peak-to-average power ratio (PAPR) of 7.9 dB and a signal bandwidth of 100 MHz, a power
gain of more than 10.5 dB, and a drain efficiency (DE) of 49.5-55.4% at an average power of 36.5 dBm in
the frequency band was exhibited. After applying digital pre-distortion (DPD), an adjacent channel leakage
power ratio (ACLR) of -51.0 dBc was achieved.

INDEX TERMS Doherty power amplifier, load modulation, efficiency, compact load network, GaN.

I. INTRODUCTION been adopted for wireless communication infrastructures, and

High-order modulation schemes with increased PAPRs and
channel bandwidths have been employed to achieve the
high data rate required for modern wireless communication
systems. As an efficient structure for these modulated signals,
especially at a large output power back-off (OBO) condition,
DPAs with an ability of load impedance modulation have
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are very popular [1], [2], [3], [4], [5], [6], [7], [8], [9], [10],
(111, [12], [13], [14], [15], [16], [17], [18], [19], [20], [21],
[22], [23], [24], [25], [26]. Hence, an appropriately designed
load network with a simple structure and good performances
becomes essential to the advanced DPAs.

Compact load networks for the DPAs have been reported
in some previous works [1], [2], [3], [4], [5], [6], [71, [8], [9]-
Reference [1] included the output capacitance of the transis-
tors of the carrier and peaking amplifiers to design equivalent
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transmission lines using integrated lumped components
(high-pass, m-type) for the carrier and peaking amplifiers.
The PMN was removed by selecting appropriate impedances
for the output power of the transistors. However, the applica-
tion of this method could be limited to packaged transistors
that have more complex parasitic circuits. In the method
reported in [2], the internal parasitic elements of a packaged
transistor were simply assumed to be a shunt capacitor, which
was included in a low-pass 7 -type quarter-wave transmission
line based on lumped components. However, the effects of the
bonding inductance and the interconnection in the package
also need to be considered to accurately design the circuits
at the high and broad frequency band. Recently, a load
network for the carrier amplifier based on a quasi-lumped
quarter-wave transmission line that includes the parasitic
networks was introduced [3]. Though the load network of the
carrier amplifier was implemented in a very compact size,
a relatively large matching network was still required for the
peaking amplifier. Reference [4] reported a method to remove
the quarter-wave transmission line and an offset line by
using a lumped output balun. However, additional matching
circuits are still required between the transistor and the
balun.

In this paper, a symmetric DPA with a new compact
load network is proposed. The proposed load network only
consists of an output matching network for the carrier
amplifier and a post-matching network, even in the presence
of parasitic circuits of the packaged transistor. The load
network of the carrier amplifier can be configured using a
simple L-section matching network consisting of a shunt
element applied after the transistor, and a short transmission
line connected after the shunt element for the complex
load impedance. The transistor of the peaking amplifier
is directly connected to the current combining junction,
without any additional matching circuit. The load impedances
for the carrier and peaking amplifiers according to the
frequency can be optimized based on the power and efficiency
contours at the internal plane of the transistors by tuning
the frequency characteristics of the shunt element in the
L-section network. An extended OBO of about 7 dB was
achieved with the proposed structure. A DPA was designed
and implemented to verify the proposed compact load
network using package GaN-HEMTs (CG2H40010F) for the
3.5-4.0 GHz band. The measurement was carried out using
a CW signal and a down-link 5G NR signal with a PAPR of
7.9 dB and a channel bandwidth of 100 MHz. The measured
performances were compared to those from the previous
works.

Il. ANALYSIS AND DESIGN OF THE PROPOSED

LOAD NETWORK

A. ANALYSIS OF THE PROPOSED LOAD NETWORK

Fig. 1 shows the load network of the conventional Doherty
amplifier. An output matching network (OMN(), an offset
line, and a quarter-wave transmission line compose the
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FIGURE 1. Block diagrams of the load networks: (a) conventional,
(b) proposed (TL: transmission line).

load network of the carrier amplifier. The quarter-wave
transmission line works as an impedance inverter for the load
impedance modulation for the carrier amplifier. The load
network based on the output matching network (OMNp) and
offset line provides the required impedance transformation at
the peak power level and an open-circuited condition at the
low power level for the peaking amplifier.

For a DPA, two impedance conditions should be matched
at both the peak power level and the low power level.
Although OMN¢ also has the ability to transform the
impedance, in most cases, it is generally designed to match
one of the impedance conditions for the conventional DPAs.
Therefore, an offset line and an impedance inverter should
be additionally applied after the OMN to have the required
impedance modulation. Similarly, since OMNp is designed
without consideration of the electrical length, an offset line
should be added after the OMNp to have a high output
impedance. Fig. 1(b) shows the proposed structure of the
DPA load network. Based on an in-depth analysis of the
load network, the complicated circuits can be replaced by a
simple L-section matching network for the carrier amplifier.
The matching network of the peaking amplifier can be totally
removed, even while the parasitic elements due to the package
exist. As a result, the proposed load network of the DPAs has
a very compact form, even with an extended back-off range
of more than 6 dB.

For a hybrid circuit design using packaged transistors, the
parasitic elements of the transistor and the package effect can
be modeled as a multi-section low-pass network. To obtain
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FIGURE 2. Operational diagram of the proposed load network with
parasitic elements for the package.

an optimum load impedance at the internal plane (intrinsic
drain terminal) of the transistor, a corresponding optimum
complex load impedance is required at the external plane of
the packaged transistor. If the optimum load impedance of
the peaking amplifier at the external plane can be provided
by OMN¢ and PMN, the peaking amplifier can be directly
connected to the combining junction without any additional
matching networks.

To obtain the required load impedance at the external
plane of the peaking amplifier at the peak power level,
the relations between the load impedances of the carrier
amplifier and the peaking amplifier at both the low power
and peak power levels should be clarified. As shown in
Fig. 2, for the carrier amplifier, the load impedances before
the combining junction at the low power and peak power
levels are represented as Z/C’ low and ZC peak> while Zc¢ jow
and Zc¢ pear are the optimum load impedances of the carrier
and peaking amplifiers at the external plane, respectively.
Then, Zp peqk is the optimum load impedance of the peaking
amplifier at the peak power level, and jXpp is the output
reactance of the peaking amplifier at the external plane.
According to the comprehensive analysis of the DPA load
network presented in [15], the load impedances of the carrier
and peaking amplifiers before the combining junction for the
proposed structure can be related as follows:

1 1 1 o
Z/C et = E _]()FO R—L)v ()
1 11
Zeom =R —])FO: (2)
L L +J(— o) 3)

Z; ,peak 2RL

where, « is a constant related to the load modulation ratio of
B, which is expressed as follows:

1.1 1 4
(B —3)5 — E). “
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FIGURE 3. The load impedances on output power (gray dotted) and
efficiency contours (gray solid) derived at the internal plane and external
plane (black solid): (a) peaking amplifier, (b) carrier amplifier.

For conventional DPAs, $ is chosen first, then, o can be
obtained, so that the corresponding impedances can be found
from (1)-(3). However, for the proposed DPA without any
matching network of the peaking amplifier except for the
parasitic elements from the package, following relations for
the impedances can be derived.

Zf/),peak = ZP,peakv (5)

R |ZP,peak |2 (6)
L— 5 5
Re(ZP,peak)

Zp peak is determined using the parasitic elements and an
optimum load resistance of Rp ., of the peaking amplifier.
The value of Zp p.qr determines both Ry, and Z, P peak- Then, o
should be also derived using (3)-(6) as follows:

|ZP,peak |2

{Im(Zp peak) + oo ()

B Re(ZP,peak )

Since « is determined from (7) using the parameters from
the peaking amplifier, the load modulation ratio, 8, can be

Xpo
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FIGURE 5. Synthesized networks for OMNC: (a) high-pass, (b) low-pass,
and (c) low-pass with a series transmission line. (d) Modified low-pass
with a series transmission line.

obtained using (4). For this method, § is no longer a pre-
determined value but a dependent value on parasitic elements
of the package. can be adjusted by adding an additional series
element after the parasitic elements which separates Zj,
from Zp peak -

Although the parasitic network of the peaking amplifier
transforms a complex value of Zp peqi to areal value of Rp o,
the peak currents of the carrier and peaking amplifiers toward

,peak
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FIGURE 6. Simulated values of Xl’ in (a) and the load impedances at the
internal plane and package plane (black solid)with output power (dotted)
and efficiency (gray solid) contours in (b) for the frequency range

3.5-4.0 GHz. (Contours were extracted for the carrier amplifier.).

the combining junction should be combined at the load, Ry .
At the low power level, the parasitic network of the peaking
amplifier operates as a reactive load connected in shunt with
Ry, for OMN(c. For the load modulation at both peak and low
power levels, the load impedances of the carrier amplifier
before the combining junction can be derived using (1)-(3)
and (7) as follows:

ZC,peuk = (ZP,peuk)*a (8)
|Zp peak |2

Z, = —— || Xpo. 9

C,low 2Re(ZP,peak)H] PO ( )

For the output matching of the carrier amplifier, OMN¢
simultaneously transforms Zé,pe ak 10 Zc peak and Z/c, low 1O
Zc.1ow at the peak power and low power levels, respectively.
For a given parasitic network of the transistor and at the center
frequency, the Z¢ pear and Zc joy correspond to the optimum
load impedances of R¢ opr and BRc o, at the internal plane
of the transistor, respectively. According to the operational
conditions of the carrier amplifier, the ABCD parameters of
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FIGURE 7. Overall circuit schematic of the proposed DPA. (DCB: DC block, BP: bypass, PP: peak power, LP: low power).

the OMN¢ can be obtained as follows:

Ac B _, [BCB-D[ A B,
|Cc Dc| p2—1 [-Ci D;
o e

= ”’ﬁ JVRCopRL(B — 1)

) 1 Ry ’
T
L RC,optRL /3

o
where, A;, B;, C;, and D; constitute the ABCD matrix of the
parasitic network of the transistor. Since a network with the
same impedance transformation property can have a phase
delay of shorter or larger than 180°, the derived network
matrix can have a positive or negative sign.

Fig. 3 shows the load impedances of the peaking amplifier
in (a) and the carrier amplifier in (b) on the simulated power
and efficiency contours at the internal plane for Cree’s GaN-
HEMT, CG2H40010F. The optimum load impedances of the
peaking and carrier amplifiers were determined based on the
power and efficiency contours. For the peaking amplifier,
a load impedance (Rp, op;) of 32 €2 at the internal plane of the
transistor, which corresponds to a complex load impedance
(Zp peai) of (10 + j1) Q2 at the external plane, was chosen to
have an output power of about 40.9 dBm and an efficiency of
more than 75%. The output impedance at the external plane
was approximated as an output reactance jXpo of —j9.7 Q.
Then, from (4) and (7), the load modulation ratio can be
calculated as 2.55, which yields a back-off range of 7.1 dB.
After that, from Fig. 3(b), the optimum load impedance of
the carrier amplifier at the internal plane, Rc o, can be
selected as 35 2 to have B of 2.55 and a peak output
power of 41.3 dBm. Therefore, Z¢ peax of (9.5 +j1.7) Q2
and Zc jow of (4.54j5.5) Q are found as two optimum

(10)

RC,opt
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load impedances at the peak and low power levels to have
the desired load modulation ratio at the internal plane for
the carrier amplifier based on the simulation results shown
in Fig. 3(b).
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FIGURE 9. Photograph of the implemented DPA.
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FIGURE 10. Simulated and measured S-parameters of the DPA.

B. DESIGN of OMN(

To have an appropriate load impedance modulation of the
carrier amplifier, the load impedance Z/c, peak should be
matched to Zc peqr at the peak power level, while the
load impedance Zé’ Jow Should be simultaneously matched to
Zc 10w at the low power level. Since the m-type network can
be designed to have electrical properties of any lossless 2-port
network at a given frequency, a i -type network was adopted
for OMN¢. As shown in Fig. 4, the m-type network consists
of one series component with a reactance of X3 and two
shunt components with reactance of X; and X, respectively.
The component values of the 7-type network for the output
matching of the carrier amplifier can be obtained using the
derived ABCD parameters of OMN(¢ in (10) as follows:

X = 2 (11)
Dc—1

X = -2 (12)
Ac—1

X3 = Be. (13)

Hence, the shunt element, jX», of the 7w -network and the load,
R;, are connected in shunt at the same node, thus they can
be merged to comprise a new PMN with a load impedance
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FIGURE 11. (a) Simulated, and (b) measured, DE and gain of the designed
DPA at the 3.5-4.0 GHz band.
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FIGURE 12. Measured saturated output power levels and DEs at the peak
power levels and the low power levels.

of a complex value of (jX»||Rr). Then, a new OMNc¢ only
has a simple L-section network except jX,. Since (8) has
both positive and negative signs, the m-type network can be
synthesized with either a high-pass structure or a low-pass
structure, depending on the sign.

Figures 5(a) and (b) shows the synthesized high-pass and
low-pass networks, respectively, using lumped components.
For the high-pass network, the values of reactance Xi, X,
and X3 were calculated as 4.2, 4.4, and -7.5, respectively.
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FIGURE 13. The load impedances on output power (dotted) and
efficiency contours (solid) derived at the internal plane: (a) peaking
amplifier, (b) carrier amplifier.

To implement X; and X; using short-circuited stubs, trans-
mission lines with lengths of less than 1 mm have to be used,
which could make the circuits too sensitive over the frequency
band. For the low-pass network, a series transmission line can
be used to replace the lumped inductor having a reactance
of X3, as shown in Fig. 5(c). The component values of the
low-pass network using a series transmission line should be
re-calculated using the following equations.

B¢

X =——° 14
o D¢ — costy (14)
B
Xy = (15)
Ac — costy
. B¢
sinfp = —, (16)
JRo

where Ry and 6y are the characteristic impedance and the
electrical length of the series transmission line. In this work,
a low-pass network with a very short series transmission line
having a characteristic impedance of 40 2 was selected for
the design. According to (14)-(16), the values of X{, X}, and
fp can be obtained as -40.2, -40.7, and 10.8°, respectively.
Then, the complex load impedance becomes (4.9 + j0.92) Q
at the combining junction.

66484

To further improve the performance of the DPA over
the desired frequency band X| was implemented using a
parallel resonant circuit based on an open-circuited stub
and a short-circuited stub connected in parallel, as shown
in Fig. 5(d). The lengths of the two shunt stubs with the
same characteristic impedance, R of 50 €2, were optimized
to provide the required reactance X/, and to provide better
frequency response for the load impedance of the carrier
amplifier. Fig. 6(a) shows the change of the reactance X|
over the frequency band according to the various values of ;.
The load impedances of the carrier and peaking amplifiers at
the internal plane can be changed according to the frequency
characteristics of X|, and they are plotted with output power
and efficiency contours on the Smith chart in Fig. 6(b). It can
be found from Fig. 6(b) that 6; of 25° for the short stub can
provide load impedances that have relatively constant output
power and high efficiency.

Ill. OVERALL CIRCUITS AND DESIGN FLOW

Fig. 7 shows the overall schematic of the proposed DPA
using microstrip lines and lumped elements. A two-section
post-matching circuit was designed between the combining
junction and 50 2 load to implement (4.9 +;0.92) Q
in broadband at the combining junction. A quarter-wave
transmission line was deployed after the transistor to
terminate the second harmonics, and to supply DC volt-
age for the peaking amplifier. For the PMN, two-section
matching network was adopted including a cascaded open-
stub with additional low characteristic impedance of 25 @
for better frequency characteristics. For the input matching
networks, an open-circuited stubs were adopted to make
L-section matching networks for both the carrier and peaking
amplifiers. A parallel connection of a resistor and a capacitor
was applied to improve the stability especially at the low
frequency range. A Wilkinson power divider with an even
power division is used at the input network. Fig. 8 shows the
design procedure for the proposed DPA.

IV. IMPLEMENTATION AND MEASUREMENT RESULTS
The DPA was implemented on a PCB based on Rogers’s
RO4003C with a dielectric constant of 3.66 and a thick-
ness of 20 mil (0.508 mm). The overall circuit size is
50 x 50 mm? and the effective load network size is as small
as 12.4 x 13.8 mm?. Fig. 9 shows a photograph of the
implemented DPA. The carrier amplifier is biased to have
class-AB operation with a quiescent current of 37 mA, while
the peaking amplifier is designed to have class-C operation
with a gate voltage (Vg2) of -6.5 V. The drain supply to both
amplifiers is 28 V. As shown in Fig. 10, the simulated and
measured S-parameters of the implemented DPA are closely
matched.

Fig. 11 shows the simulated and measured power gain and
DE according to the output power level using CW signals
at the frequency band 3.5-4.0 GHz. The simulated results in
Fig. 11(a) show a peak output power of more than 43.0 dBm
and a power gain of about 10.4 dB. The simulated DEs
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TABLE 1. Performance comparison among this work and previous works.

Signal

Frequency Gain Py Py DEgy ACLR* OBO PAPR . Size .

Ref- (GHy) Topology  (4p) (dBm)  (@Bm) (%) (dBc) (dB)  (dB) I(BAXIz) Signal | 2y  Device
[ 26 Symmetric ~ 13.7 44.0 37.6 43.0 S3LONA 6 65 10 LTE  5x5 GaN MMIC
[3] 34-38  Symmetric 9.5-11.5T 43.6-444 358-36.6 47-542  -23/-42 78 79 100 5GNR 66x78 CG2H40010F
[9] 3436  Asymmetric 26.2-26.6 43.0 35 41.5-43.1 -24/-50 8.0 72 20 LTE 400 GaN MMIC

: Asymmetric : . s ) EYys CGH40006P
[14] 345375 (FRETC 95118 418435 346368 333541 25145 8.5 79 100 SGNR TIx64  oon o
[15] 3.4-3.7 %nggc 11.9-12.7 41.7-423 337 55.3-60.9 -25.5/-42.6 8.5 79 100 5GNR 75x65 CGH40006S
[16] 3.5-4.0 iﬁ"cmetric 11.1-13  41.7-427 345 49.6-54.4 -26.5/-49.5 8.0 79 100 5GNR 60x66.5 CGH40006S
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FIGURE 14. Measured PSDs using the 5G NR signal before and after DPD
at the carrier frequency of 3.75 GHz.

of 48.4-57.5% were obtained at an OBO of 7 dB for the
frequency range 3.5-4.0 GHz. For the measured performance
shown in Fig. 11(b), the proposed DPA exhibited a power gain
of 9.8-10.1 dB and a DE of 45.5-56.5% at an OBO of 7 dB
over the frequency band. Fig. 12 shows the obtained power
and efficiency performances over the frequency range of
3.5-4.0 GHz, which corresponds to a fractional bandwidth of
13.3%. The measurement results show good agreement with
the simulation results.

Fig. 13 shows the measured performance using a 5G NR
modulated signal with a signal bandwidth of 100 MHz and
a PAPR of 7.9 dB to investigate the linearity performance of
the proposed DPA. According to Fig. 13(a), a power gain of
over 10.5 dB and a DE of 49.5-55.4% were achieved at an
average output power of 36.5 dBm in the frequency band
3.5-4.0 GHz. To improve the linearity, a DPD based on a
memory polynomial was applied, resulting in an ACLR level
improvement of more than 26.2 dB, as shown in Fig. 14.
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Table 1 summarizes the measured performances and com-
pares them with the previously published works.

V. CONCLUSION

This paper presents a new compact load network of the
DPA with only two matching networks: the output matching
network of the carrier amplifier (OMN¢) and the post-
matching network after the combining junction (PMN). The
parasitic network inside the transistor package was accurately
modeled and considered in the design of the proposed load
network. The OMN¢ was designed using only a compact
L-section structure based on an analysis of the hybrid
m-type network applied for the carrier amplifier. For the
shunt component of OMN¢ an optimized parallel network
using short and open stubs, instead of a capacitor or an
open stub, was proposed to improve the performance over
the bandwidth. A DPA based on packaged GaN-HEMT was
designed, implemented, and evaluated for verification at the
frequency band 3.5-4.0 GHz. The implemented DPA has a
dimension of 50 x 50 mm? including a compact load network
with a dimension of 12.4 x 13.8 mm?. The evaluation results
of the implemented DPA using a 5G NR signal with a signal
bandwidth of 100 MHz and a PAPR of 7.9 dB show a high
DE of 49.5-55.4% at an average output power of 36.5 dBm
with an ACLR level of -51.0 dBc after DPD. The proposed
load network was verified through its small size and high
performance.
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