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ABSTRACT A new load modulation combiner (LMC) having the capability of back-off control is proposed
for a Doherty power amplifier (DPA). The proposed LMC consists of two transmission lines tied at the
combining node, and a shunt element across the other ends of the transmission lines. The shunt element of
the LMC becomes virtually open-circuited at the peak power level and allows the carrier amplifier to have
an arbitrary load impedance at the low power level. The operating principle and circuit structure of the DPA
based on the proposed LMC are presented in detail. The proposed DPA was implemented using GaN-HEMT
for the 3.5 - 4.0 GHz band. Using a 5G NR signal with a peak-to-average power ratio (PAPR) of 7.9 dB and
signal bandwidth of 100 MHz, the implemented DPA showed drain efficiency (DE) of 49.6 - 54.4% and
power gain of 11.1 - 13.0 dB at an average output power of 34.5 dBm. An adjacent channel leakage power
ratio (ACLR) was obtained as —50.4 - —45.0 dBc at the average power level with a digital pre-distortion

(DPD) technique.

INDEX TERMS Load modulation combiner, Doherty power amplifier, extended OBO level, GaN-HEMT.

I. INTRODUCTION

Since the modulated signals with high PAPR have been
adopted in modern communication systems, many research
efforts to improve the efficiency of power amplifiers with
large output power back-off (OBO) levels have been initiated
(11, [21, [31, [4], [5], [6], [7], [8], [9], [10], [11], [12], [13],
[14], [15], [16], [17], [18], [19], [20], [21]. Due to the simple
circuit and excellent efficiency improvement characteristics
through a wide output power range, DPAs have been widely
used for base-transceiver systems. The OBO level for the
efficiency peak of the conventional DPA is limited to 6 dB,
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while the PAPRs of many modulated signals have become
larger than 6 dB.

To extend the OBO level, several well-known methods
based on an asymmetric structure, such as asymmetric DPAs
[11, [2], [3], multi-way DPAs [4], [5], [6], and multi-stage
DPAs [7], [8], [9], have been proposed. These three methods
based on a relatively higher power capacity of the peaking
amplifier have obvious disadvantages, such as complicated
circuits and reduced power gain. As an alternative, LMBAs
were proposed to have an extended OBO level [17], [18].
However, LMBAs suffer from complex and bulky structure
as well as relatively low power gain. Recently, alternative
methods based on a symmetric structure with modified load
networks have been reported [10], [11], [12], [13], [14], [15],
[16]. For the methods using modified load networks, the
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carrier amplifier should be simply designed to have the load
impedances in complex values at the combining node for
either the low power level, the peak power level, or both
power levels, which gives increased load impedance modula-
tion of larger than twice for the carrier amplifier at its current
source plane of the transistor. The increased load modulation
yields an extended OBO level for peak efficiency of the DPA.
For these methods, unlike the conventional DPAs using a
quarter-wave transmission line and offset lines, it becomes
more complex to design the load network, since the load
matching networks should match for both the low and peak
power levels, considering the load impedance with a complex
value.

In this paper, a new LMC with a simple topology having
the capability of back-off control is proposed. The proposed
LMC is based on two transmission lines tied at the com-
bining node, and a shunt element at the other ends. The
load impedance at the low power level can be indepen-
dently controlled from that at the peak power level, using
the shunt element. At the peak power level, the shunt ele-
ment becomes virtually open-circuited and does not affect the
load impedance for both the carrier and peaking amplifiers.
By adjusting the load impedance of the carrier amplifier
using the shunt element, the OBO level of DPA can be
extended, even using a symmetric structure for the carrier and
peaking amplifiers. Offset lines for the carrier and peaking
amplifiers are required for the proposed LMC, similar to
the conventional LMC [20]. Operational principles and the
circuit structure of the DPA based on the proposed LMC are
presented. To verify the proposed LMC, a symmetric DPA
using GaN HEMT for the frequency range of 3.5 - 4.0 GHz
was designed, implemented, and evaluated. The simulated
and measured results of the proposed DPA are compared to
previous state-of-the-art circuits.

Il. PRINCIPLE AND ANALYSIS

A. LOAD MODULATION ANALYSIS FOR THE PROPOSED
LMC

Fig. 1 shows the operational circuit diagrams of the (a) con-
ventional, and (b) proposed LMCs for the symmetrical DPA.
Transistors for the carrier and peaking amplifiers are modeled
as current sources of Ic and Ip, respectively. The output
power can be reduced by B times for the low power level
compared to the peak output power of the carrier amplifier
when operating at the peak power level. The OBO level of the
DPA can then be calculated as follows, using the parameter
of B.

OBO = 10log(2B). (1

For an appropriate operation, the carrier and peaking
amplifiers should be fully matched using the matching net-
works of OMN¢ and OMNp for the load impedances of
Z¢ pear a0d Zp ., Which are real values of Ry at the peak
power level. Two offset lines with a characteristic impedance
of Ry, and with electric lengths of 0¢ oper and Op ofser are
located between the matching networks and the proposed
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FIGURE 1. Operational circuit diagrams of the LMCs: (a) conventional,
(b) proposed.

LMC for the carrier and peaking amplifiers, as shown. Since
the characteristic impedances of the offset lines are the same
as the load impedances of the carrier and peaking amplifiers,
Z¢. peak and Zp, peak ar€ maintained as Ry for any electrical
lengths of the offset lines at the peak power level. However,
at the low power level, the offset lines can tune the output
impedance of the peaking amplifier (Z,) to be infinity,
or open-circuited, and can make the load impedance of the
carrier amplifier (Z;) to be an optimum value as Zg ;.
Alternatively, Z 1’,/0 can also be tuned as zero or short-circuited.
For this case, Z/, can become Z/C’ low s well, by tuning the
shunt element of jXg.

For the conventional LMC, as shown in Fig. 1(a), a quarter-
wave transmission line is used as an impedance transformer
after the carrier amplifier. This quarter-wave line is replaced
by the proposed LMC, which includes two quarter-wave
transmission lines and a shunt element with a reactance of
Xs, as shown in Fig. 1(b). At the peak power level, since the
input power levels at the input ports of the proposed LMC
are the same and the load impedances of the carrier and
peaking amplifiers after the offset lines (Z. peak and Zp veak)
are the same as well, the voltages at the input ports of the
proposed LMC are equal. Then, the shunt element at the LMC
is virtually open-circuited with no current through it and does
not affect the impedance of the carrier or peaking amplifier
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FIGURE 2. Operational diagrams of the LMC: (a) even mode, (b) odd
mode.

at the peak power level. For a load of Ry, the characteristic
impedances of two quarter-wave transmission lines for the
proposed LMC can be derived as follows:

Rimce = \/m = V2R.Ro. )

At the low power level, since the output impedance of the
peaking amplifier, Z;,, can be selected as infinity or zero, the
proposed LMC can be simplified with two transmission lines,
a shunt element, and the load. Therefore the load impedance
after the offset line for the carrier amplifier, Zg, Jow> €an be
simply derived for two conditions for Z;,. As shown in
Fig. 2, according to the principle of superposition, the input
impedance of the power combiner can be calculated using two
independent current sources, I, and I,, and two input node
voltages, V., and V,,. The input impedances of the DPC at the
carrier and peaking amplifiers can be derived as follows:

V. +V

" e o

=22 3

C= LTI 3)
V.-V

7, = 2. 4

P= T “)

For the even mode condition in Fig. 2(a), the relation
between the input current and the node voltage can be simply
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calculated as follows:

Ve Riye
— = === =Ry. 5
L 2R, 0 (5)

For the odd mode condition in Fig. 2(b), the net combined
current to the load is zero and the voltage at the load should
be zero as well. Then, the relation between the current and
voltage at the input of the combiner can be simply derived as
follows:

— = (6)

Since I, should be the same as I, for an infinity or
open-circuited condition of Zp,, at the low power level, (3)
can be rewritten using (5) and (6) as follows:

Z; Xs Ry X
1" C,peak S 0 S
=——+ =5+ 7
C,low 2 4 2 4 ( )
Similarly, since V,, should be the same as V, for a zero or
short-circuited condition of Z;IO, (2) can be rewritten using
(5) and (6) as follows:

Cotow = QLE poa)|iXs = (2Ro)| X ®)

Then, Z/C’ iow (Z¢ in the low power level) can be derived
by rotating Zg’ low clockwise through the constant VSWR
circle on the Smith chart normalized by the characteristic
impedance of the offset line which is Ry.

Fig. 3 shows Z ., for the extended OBO levels and the
corresponding values of X according to the electrical length
of the offset line from 0° to 180° for the symmetric DPA.
As the required OBO level increases, Z’C’l o Shifts away
from the center of the Smith chart as the magnitude of Xg
increases for an infinity or open-circuited condition of Z,,,
and decreases for a zero or short-circuited condition of Zp,,.
It can then be rotated clockwise through a VSWR circle as the
electric length of the offset line (O¢ ofser) increases from 0° to
180°. An appropriate impedance point, Z/C’ Iow» With a length
of the offset line can be selected on the circle for the required
OBO level to have Z¢ as an optimum load impedance of
BRop: at the low power level.

Since the magnitude of the reflection coefficient at each
port of the overall load network should be the same for the
lossless network, the following relationship can be derived:

"
ZC,low —Ro
17
ZC,I{)W + RO

_ IBRopt - Ropt
BRopt + Ropt

. ©)

For various OBO levels, the required reactance of the shunt
element for the proposed LMC can be derived using (7)-(9),
as follows:

4abRy, for Zj,, of oo
Xs = 1Ry i (10)
b’ for Zp,, of 0.
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where the parameters of a and b are given as

(11)

- . (12)

Depending on the sign of b, two solution sets can be
found for Xg for each condition of Zp,. A positive sign of
b corresponds to a shunt element with a positive reactance,
while the negative sign corresponds to a shunt element with
a negative reactance. When b equals 0, since the shunt ele-
ment becomes short-circuited or open-circuited, the proposed
LMC functions the same as the conventional LMC with a
single quarter-wave transmission line at the carrier amplifier.
Since a and b are functions of 8, four sets of Xs according
to the conditions of Zp, and the sign of b for different OBO
levels can be calculated using (1) and (12), and are plotted in
Fig. 4.

At the peak power level and the low power level, since the
load impedance (Z¢) and the input impedance (Zg) of the
LMC are obtained, the load network of the carrier amplifier
including the matching network and an offset line can be rep-
resented using a 2-port network matrix. For Zp,, of infinity,

Ropt

[A B:| _ V2 Ro

C D 7 _ 1 R '
P a — | =2 pb
RoptRO Ropt

Bb j RoptROa

(13)
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FIGURE 4. The calculated normalized reactance of the shunt element for
various OBO levels.

and for Zp,, of zero,

c o)

Ropt .
a  jJRopRoBb
+2 Ro o

2 _ 1 R
=11 Bb 0 4
RoptR() Ropt

(14)

The effective electrical length (6.4) of the overall load
network of the carrier amplifier can be calculated using this
2-port network matrix [22], as follows:

-4 for Z}, of 0o
; PO

tan(6,,) = Bb (15)

—, forZ}, of 0.
; or Zy, o

To match for each solution of Xs, 6,4 should be derived as four
different solutions according to the condition of ZI/,’O, and the
sign of b as well. On the other hand, the effective electrical
length of the overall peaking amplifier should be the same
as an integer multiple of the half-wave transmission line and
quarter-wave transmission line for Z;, of infinity and zero,
respectively. Then, the phase difference of the output currents
between the two current sources (I¢ and Ip) can be calculated
as
tan(fc — 6 . 16
an(C_P)—_ﬁ- (16)
For a fully matched DPA with the proposed LMC, as the
input power increases, the load impedance of the carrier
amplifier (Z¢) is modulated from SR,y t0 R,y along the
real axis on the Smith chart, while the load impedance of
the peaking amplifier (Zp) is modulated from infinity to
Rop: through the inductive or capacitive region on the Smith
chart. Fig. 5 shows the calculated Zps in the power tran-
sition region for various OBO levels according to the four
solutions of Xg. Since a trajectory on a plane with positive
imaginary values for the load impedance modulation of the
peaking amplifier avoids efficiency degradation at the power
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FIGURE 6. Modified structure of the LMC with position shifting of the
shunt element.

transition region [11], the shunt element having a negative
reactance, which comes from a capacitor, is preferable for an
open-circuited condition of Zp,, (see Fig. 5(b)). Conversely,
the shunt element should have a positive reactance, which
comes from an inductor, for a short-circuited condition of Z ;,’0
(see Fig. 5(c)).

B. SHIFTING POSITION OF THE SHUNT ELEMENT

To make the design more flexible, the position of the shunt
element at the LMC can be shifted. As shown in Fig. 6, the
position of the shunt element between the offset lines and
quarter-wave transmission lines in the LMC can be shifted
with a shifting angle of 6. The positive sign of 8y indicates
a shift toward the current source, while the negative sign
indicates a shift toward the load. Since the virtual open circuit
condition holds for any shifting angle of 67, the performances
can be maintained at the peak power level. However, at the
low power level, to keep the electrical characteristics of the
circuit the same, a modified reactance value of the shunt
element (Xg) for each shifting angle should be found as a
function of the original value, as follows:

1
X§ = cos?(0,)Xs + >SN0y )Ryr . (17)

where, for a positive value of Oy, the value of Ry is the
same as Ry, while for a negative value of Oy, it is the same
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as Ryyc. From (17), it is found that varying the value of
the shunt element can be equivalently achieved by simply
varying the position of the shunt element. This characteristic
of the proposed LMC provides designers with the flexibility
to tune the effective value of the shunt element even without
changing the value of Xg.

Ill. IMPLEMENTATION AND EXPERIMENT RESULTS

For verification, a symmetric DPA using the proposed LMC
was designed to have an OBO level of 8.5 dB with 8 of 3.54.
Fig. 7 shows a circuit schematic of the DPA including the
proposed LMC. The optimum load impedances for the carrier
and peaking amplifiers at the internal plane and at the peak
power level are found from the load—pull simulation as 29
and 26 €2, respectively.

Considering the width of the microstrip transmission line
that can be implemented on the PCB, the input impedance,
Ry, of the proposed LMC was selected as 29 Q2 at the peak
power level, while the load impedance, Ry, was selected as
30 Q. According to (2), the characteristic impedance of the
transmission lines of the LMC becomes 41.7 2. An open-
circuited condition for Zp, was selected for this design to
have a sufficient length of an offset line for the layout. Then,
the shunt capacitor of 0.47 pF with a reactance of —j94.3 Q
at the center frequency of 3.75 GHz should be used to have a
transition through the inductive region with an OBO level of
8.5 dB.

To match the input impedances of the LMC to the optimum
load impedances at the peak power level, matching networks
of OMN¢ and OMNp were designed for the carrier and
peaking amplifiers. The additional offset lines with a char-
acteristic impedance of 29 Q2 are deployed after the matching
circuits of the carrier and peaking amplifiers for the desired
load modulation. The optimum electrical length of the offset
line for the peaking amplifier makes the peaking amplifier
open-circuited at the LMC, while that of the carrier amplifier
increases the load impedance to 102.7 Q2 at the low power
level. The optimum electrical length of the overall load net-
work (6,4) was designed to be 131.4° by tuning the offset line.
The second harmonic termination at the load of the carrier
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amplifier is achieved using a quarter-wave transmission line
at the load of the carrier amplifier, which is used to terminate
the second harmonics, and to supply the DC voltage of 28 V.
An open stub with an electrical length of 45° is adopted to
terminate the second harmonics at the load of the peaking
amplifier. According to (13), a shunt capacitor of 2.0 pF
was used in the actual circuit by shifting the position with a
shifting angle of 43° toward the current source. Fig. 8 shows
the simulated load impedances of the carrier and peaking
amplifiers for the frequency band of 3.5-4.0 GHz (13%). The
load impedances at the input of the combiner are shown in
Fig. 8(a), while the load impedances at the current source
plane are shown in Fig. 8(b). The impedance modulation
trajectories are shown in Fig. 8(c) for the carrier and peaking
amplifiers. The load impedances were optimized to have
sufficient output power and good efficiency over the band.
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The current through the shunt element gradually decreases
and approaches to zero as the peaking amplifier is turned on.
When the output current of the peaking amplifier catches that
of the carrier amplifier up, it approaches to zero as shown in
Fig. 9. Fig. 9 shows the simulated current through the shunt
element with the fundamental current levels of the carrier and
peaking amplifiers.

Fig. 10 shows a photograph of the fabricated DPA which
has a size of 60 x 66.5 mm?. A PCB with a dielectric constant
of 3.66 and a thickness of 0.508 mm was used to implement
the circuit. The carrier and peaking amplifiers have gate bias
voltages of —2.85 V for class-AB operation and —7.5 V for
class-C operation, respectively. Both amplifiers have a single
drain supply voltage of 28 V to have a quiescent current of
19 mA. A photograph of the measurement setup is showed in
Fig. 11.

VOLUME 11, 2023



Y. Chen et al.: New LMC Having a Capability of Back-Off Control for Doherty Power Amplifiers I E E EACCGSS

N g o
IS o ©
1 1

Output current (A)

o
N
N

—=— Carrier amp.
—e— Peaking amp.

_|[——Shunt element

0.0

FIGURE 9. Simulated current through the shunt element with the
fundamental current levels of the carrier and peaking amplifiers at the

20 22 24 26 28 30 32 34 36 38 40 42 44
Output power (dBm)

center frequency of 3.75 GHz.

Power Sensor
(E9300A)

FIGURE 11. Photograph of the measurement setup.

The simulated and measured gain and DE of the proposed
DPA, which are very close each other, are shown in Fig. 12.
A power gain of 11.1 - 13.0 dB and DE of 67.0 - 71.2%
at the saturated output power of 41.7 - 42.7 dBm were
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FIGURE 12. Gain and DE of the proposed DPA under CW signal excitation
for the frequency band 3.5 - 4.0 GHz: (a) simulation, (b) measurement
results.
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FIGURE 13. Measured saturated output power levels and DEs at the peak
power levels and the low power levels with OBO of 8.0 dB.

obtained using a CW signal. A measured DE of 47.2 - 55.0%
was obtained with a practical OBO level of about 8.0 dB.
The measured saturated output power and DEs at the peak
and 8 dB back-off power levels for the frequency band of
3.4 - 4.1 GHz are presented in Fig. 13.
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TABLE 1. Performance comparison among this work and previous works.

Frequency Gain Psqt Pavg DEgvg ACLR* OBO PAPR Signal BW . .
Ref. GHy) Topology g, (dBm)  (dBm) (%) (dBc) (dB) (dB) (MHz) Signal - Device
2] 3436  Asymmetric 262-26.6 43.0 35.0 415431 -24/-50 8.0 7220 LTE GaN MMIC
, . ] e ] CGH40025
3] 33355 Asymmetric 12-15 475 39.0 50.6 26/-46.7  75-80 7.5 20 LTE COHA003S
Modified : 25.3/-46.2
(4] 1435 ol 12 42.5/42.1 32.5 2513 Yy 9 9 5 WCDMA  CGH40006S
Modified CGH40006P
[15] 345-375 [ONIC 95118 418435 346368 333541 2545 8.5 79 100 SGNR om0 op
[16] 3.4-37 ~ Modified 419057 417423 337 553-60.9 -255/-426 85 79 100 5GNR  CGH40006S
load network
[17] 18-38  LMBA 8-10t 44.0 i@léOSGHz 40.0-50.0f 30NA 6 9 3.84 WCDMA  CGH400010F
CGHF40010F
[18] 3.10-420 LMBA 5566  47.5-487 378 3951 -16/-44 10 10 9X100 SGNR oS
This 3540  Proposed 4y 43 417427 345 49.6-544 -265/-495 80 79 100 5GNR  CGH40006S
work LMC
*: Without DPD / With DPD, T: Graphically estimated
70 20
: P 104 —— Before DPD
450 E: 0
[=3
{a0 5 g 104 -26.5 dBc
S 3
430 g g -20 t\ -49.5 dBc
2
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Average Output Power (dBm) Frequency (GHz)

(a)

= ACLR_LOW @ 3.55GHz
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-5 = ACLR_LOW @ 3.65GHz
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FIGURE 14. Measured performances using the 5G NR signal with a PAPR
of 7.86 dB and a signal bandwidth of 100 MHz: (a) gain and DE, (b) ACLR.

Fig. 14(a) and (b) show the measured performances using
the 5G NR modulated signal with a signal bandwidth
of 100 MHz and a PAPR of 7.9 dB. A power gain of over
10.5 dB and DE of 49.6 - 54.4% were achieved at an aver-
age output power of 34.5 dBm in the 3.5 - 4.0 GHz band.
With a DPD method, based on a memory polynomial, the
ACLR level was improved by more than 23 dB as shown in
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FIGURE 15. Measured PSDs using the 5G NR signal before and after DPD
at the carrier frequencies of 3.75 GHz.

Fig. 15 which shows the measured power spectral densities
(PSDs) using the 5G NR signal at an average output power
of 34.1 dBm and the carrier frequency of 3.75 GHz. The
performances of the proposed DPA using the 5G NR signal
were summarized in comparison to the previously published
works in Table 1. The experimental results clearly show
superior performances, especially in DE, at an average power
level for the wide bandwidth 3.5 - 4.0 GHz of the DPA using
the proposed LMC, compared to the previous related works.

IV. CONCLUSION

A new LMC for a symmetric DPA with the capability of
back-off control was proposed. The proposed LMC has a sim-
ple structure based on two quarter-wave transmission lines
and a shunt element. The proposed LMC allows designers to
independently match the load impedance of the carrier ampli-
fier at the low power level, without affecting the impedance
at the peak power level. While the conventional LMC gives a
fixed OBO level of 6 dB to the symmetric DPA, the proposed
LMC has the full capability of extended OBO level even
for the symmetric DPA, by selecting the value of the shunt
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element, or by selecting the placement position (shifting
angle) of the shunt element. The proposal has been experi-
mentally verified by implementing a symmetric DPA for the
frequency band 3.5 - 4.0 GHz using the proposed LMC to
have an OBO level of 8.5 dB in design (about 8.0 dB in mea-
surement). When the 5G NR signal with a signal bandwidth
of 100 MHz and PAPR of 7.9 dB is excited, power gain of
over 10.5 dB and DE of 49.6 - 54.4% were achieved at an
average output power of 34.5 dBm. The proposed LMC can
be a very simple and intuitive solution for the DPA to have an
extended OBO level, especially for the symmetric DPA.
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