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A Generic Theory for Design of Efficient
Three-stage Doherty Power Amplifiers

Han Zhou, Student Member, IEEE, Jose-Ramon Perez-Cisneros, Member, IEEE, Sara Hesami, Member, IEEE,
Koen Buisman, Senior Member, IEEE, Christian Fager, Senior Member, IEEE

Abstract—An analytical load—pull-based design methodology
for three-stage Doherty power amplifiers (PAs) is presented and
demonstrated. A compact output combiner network, together
with the input phase delays, is derived directly from transistor
load—pull data and the design requirements. The technique
opens up a new design space for three-stage Doherty PAs
with reconfigurable high-efficiency power back-off levels. The
method is designed to enable high transistor power utilization
by maintaining full voltage and current swings of the main and
auxiliary amplifier cells. Therefore, a wide efficiency enhance-
ment range can be achieved also with symmetrical devices. As
a proof of concept, a 2.14-GHz 30-W three-stage Doherty PA
with identical gallium nitride (GaN) HEMT active devices is
designed, fabricated, and characterized. The prototype PA is able
to linearly reproduce 20-MHz long-term evolution signals with
8.5- and 11.5-dB peak-to-average power-ratio (PAPR), providing
average efficiencies of 56.6% and 46.8% at an average output
power level of 36.8 and 33.8 dBm, respectively. Moreover, an
average efficiency as high as 54.5% and an average output power
of 36.3 dBm have been measured at an adjacent power leakage
ratio of 45.7 dBc for a 100-MHz signal with 8.5 dB of PAPR,
after applying digital predistortion linearization.

Index Terms—Combiner synthesis, Doherty power amplifiers
(PAs), energy efficiency, gallium nitride (GaN), high peak-to-
average power ratio (PAPR), three-stage symmetrical devices.

I. INTRODUCTION

ODERN wireless communication systems require spec-

trally efficient modulation schemes to obtain high data
throughput. This results in signals with large peak-to-average
power ratio (PAPR) values, typically in the order of §-12
dB. Therefore, several power amplifier (PA) architectures have
been proposed to improve the PA efficiency at significantly
reduced output power (power back-off), including Doherty
PA [1], outphasing PA [2], dynamic load modulation [3]
and envelope tracking [4]. Among them, the Doherty PA is
the most widely used architecture in cellular base stations,
thanks to its low complexity, moderate linearity and bandwidth
performance.
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The Doherty PA provides high efficiency at both maximum
and back-off power levels by means of mutual load modulation
between two amplifier cells. The standard Doherty PA was
initially proposed to enhance the efficiency up to 6-dB output
power back-off [5]-[7]. However, the high-efficiency output
power back-off range needs to be further extended in order
to cope with the modern communication standards with larger
PAPR values. Therefore, asymmetrical two-way [8]-[11] and
N-way [12] Doherty PAs have been proposed. Nonetheless, the
efficiency of these Doherty architectures drops considerably
between its high-efficiency back-off and maximum power
levels when back-off ranges exceed 6 dB, and thus degrades
average efficiency for modern communication signals. Con-
sequently, the three-stage Doherty PA was proposed in [13]
to enhance the efficiency at two different output power back-
off levels, denoted by yp; and g2 henceforth. Fig. 1 shows a
comparison of the efficiency versus output power performance
of asymmetrical two-way, N-way and three-stage Doherty PAs.

Essentially, two different types of three-stage Doherty PA
architectures can be found in the literature [14]. One is
referred as the conventional three-stage Doherty PA [15]-
[20], which requires amplifier cells with different fundamental
current components, i.e., unequal device peripheries. The main
drawbacks of this PA architecture are the deep saturation of
the main amplifier cell, and the added complexity due to the
different device peripheries of all the three amplifier cells. The
second type is referred as the modified three-stage Doherty
PA. Tt utilizes a modified output combiner to enhance the
efficiency at two fixed output power back-off levels, i.e., at 6-
dB and 9.54-dB [21]-[24]. This architecture exhibits two main
advantages over the conventional one. First, its main amplifier
cell is operating linearly throughout the complete output power
range. Second, the fundamental current components for all
three amplifier cells are the same at maximum power.

In two-way Doherty PAs, it is well known that the auxiliary
amplifier cells, which operate in class-C mode, have a smaller
fundamental current component compared to the class-B bi-
ased main amplifier cells. This requires larger input power to
the auxiliary amplifier cells. Consequently, the use of the same
amplifier cells, together with a fixed output combiner network
would result in degraded overall power gain and power added
efficiency (PAE) performance. For the three-stage Doherty
PA, the degradation of the gain and PAE is more significant
since its auxiliary amplifiers are biased at even deeper class-C
mode to ensure high efficiency at larger power back-off levels.
Hence, even for the modified three-stage Doherty PA, its PAE
performance is severely affected by the two auxiliary cells
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Fig. 1. Drain efficiency versus output power back-off profiles of different

Doherty PA architectures: Asymmetrical two-way, N-way and three-stage
Doherty PA.

operating in deep class-C mode. In addition, the use of large
class-C auxiliary cells demands for non-even input splitter and,
therefore, the circuit complexity increases. Moreover, the load
modulation networks of the conventional and modified three-
stage Doherty PAs use quarter-wavelength (A/4) transmission
lines (T-lines) as the impedance inverters, which inevitably
restricts the design space.

In this paper, we extend the theory from [25], [26] and pro-
pose a generic analytical load-pull based design methodology
for three-stage Doherty PAs. The theory is applied to maintain
high efficiency at two reconfigurable output power back-off
levels. The analytical approach solves for the network param-
eters of the output combiner and the output phase delays in
terms of predefined boundary conditions, which comprise tran-
sistor loading conditions for high efficiency from large-signal
load-pull characterizations. Therefore, the design methodology
opens up a new design space, which enables a high power
utilization factor and thus enhanced efficiency in three-stage
Doherty PAs. In particular, it allows highly efficient three-stage
Doherty PAs with identical transistors to be designed and real-
ized. The complete analytical synthesis approach, from load-
pull data to the realization of the output combiner, is presented.
In order to validate the proposed methodology, a 2.14-GHz
gallium nitride (GaN) symmetrical three-stage Doherty PA
prototype is designed, implemented and characterized using
continuous-wave and modulated signals. The state-of-the-art
performance and compact output combiner further indicate its
potential in future wireless applications.

The paper is organized as follows. In Section II, the
proposed generic analysis of the three-stage Doherty PA
is introduced. Furthermore, the analysis and derivation of
the output combiner network with ideal current sources are
presented. In Section III, the behavior of the symmetrical
three-stage Doherty PAs under varies current drive profiles
is studied. Section IV describes an analytical approach to
directly synthesize the output combiner network from load-
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Fig. 2. Generalized reciprocal and lossy three-port combiner used for the
analysis of the three-stage Doherty PA. The load is terminated inside. Z,,,
Za1 and Zgo denote, the impedances seen by the Main, Auxl and Aux2
cells, respectively. Plane A represents the output plane of the amplifier cells.

pull data of real microwave transistors. Section V covers the
generalization and simplification for the circuit realization of
the obtained output combiner network. Section VI addresses
the practical design procedure by using the proposed design
methodology, which is applied on GaN HEMT transistors.
For experimental validation, the measurement results of GaN
HEMT symmetrical three-stage Doherty PA prototype are
given in Section VII. Finally, the main conclusions from this
work are presented in Section VIIIL.

II. GENERIC ANALYSIS FOR THREE-STAGE DOHERTY PAS

In this section, the operational principles of a generic three-
stage Doherty PA are presented. Following the same approach
as in [25], the analysis assumes a representation where the load
is merged with the combiner into a lossy and reciprocal three-
port combiner network, as shown in Fig. 2. The realization
of the actual combiner network, for the case of a three-stage
Doherty PA, involves a conversion from the lossy three-port
network with the load inside, into a lossless four-port combiner
network terminated with a purely resistive load.

A. Assumptions and boundary conditions

For simplicity, the following assumptions are adopted in the
subsequent theoretical analysis:

1) The transistors are modeled as ideal piece-wise voltage-
controlled linear current sources with zero knee voltage.

2) Only the fundamental component is considered, when
analyzing the efficiency. All higher harmonic components
are short circuited, corresponding to ideal class-B opera-
tion.

3) The same drain bias is used for the main and auxiliary
cells, and they exhibit same upper drain voltage limit.

4) The input current phase delay between the main (Main)
and first auxiliary cell (Aux1) is 67 (plane A in Fig. 2).
The input current phase delay between the main and
second auxiliary cell (Aux2) is 6. Meanwhile, the input
current phase delay between Main and Auxl and Aux2
is 1 and o, respectively.
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Furthermore, the following boundary conditions are used in
the derivation to ensure high efficiency at two back-off power
levels and that all transistors are fully utilized at maximum
output power:

1) Optimal load impedance (the available voltage swing is
fully utilized) is presented to the class-B biased Main
amplifier cell at the maximum power and the two desired
back-off power levels.

2) Optimal load impedance is presented to the class-C biased
Aux1 amplifier cell at maximum power and at the second
desired back-off power level.

3) Optimal load impedance is presented to the class-C biased
Aux2 amplifier cell at the maximum power levels.

B. Three-port combiner network parameters

The assumptions and boundary conditions presented above,
together with the ideal voltage-controlled current source mod-
els of the transistors will now be used to derive the impedance
parameters of the combiner.

The impedance parameters of the lossy and reciprocal three-
port output combiner, Zsp, are derived using the ideal current
source models. Later, in section IV, the combiner parameters
will be obtained by load-pull data from real microwave tran-
sistors. The voltages and currents shown in Fig. 2 are related
through Zsp,

Vin Z11 Ziz Ziz| |Im
Va1| = | 212 Zaa Zoz| |la| - (D
Vo Zi3 Zoz Zzz| [la2

where that 719 = Zoq, Z13 = Z31 and Zs3 = Z35 since the net-
work is assumed to be reciprocal. The impedance parameters
of the lossy and reciprocal three-port combiner from (1) can
be derived from the the output optimal impedance and the
current ratios («) of main and two auxiliary cells at maximum
and two back-off levels. Note that the output current phase
relationship between the Main and Aux1 and Aux2 is 6; and
0, respectively.
At maximum drive level (subscript M):

Zmym = Z11+ Ziza1 p + Z1zaa m (2a)
Zam = Ziafoa,m + Zog + Zosao v foa,m (2b)
Zaa, v = Ziz/ oo m + Zazou v foo v + Zszz (2¢)
At the second back-off drive level (subscript B2):
Zm,B2 = Z11 + Z12001, B2 + Z130:2 B2 (3a)
Za1,82 = Z1afon, B2 + Zaz + Zazaa, pa/oa, B2 (3b)
Za2,B2 = Z13/ 2, B2 + Zazou B2/ B2 + Zs3 (3¢c)
At the first back-off drive level (subscript B1):
Zm,B1 = Z11 + Z12001,B1 + Z1302,B1 (4a)
Za1,81 = Z12/ou,B1 + Zao + Zazan Bi/on,B1 (4b)
Za2,p1 = Z13/ 02,1 + Zazaq g1/ o2 B1 + Z33 (4c)

where .
1q1,B2 _ig
g =-——-€ "
im,B2
Z‘al,M —q
apy = e 0
T, M
Z'(1,2,M —30
aop = —— e 77
tm, M

where the first subscript index of the optimal impedances (Z2)
and current ratios (a), m, al and a2, corresponds to Main,
Auxl, and Aux2 cells, respectively. Similarly, the second
subscript index, M, B1l, and B2, represents the maximum,
first and second back-off drive levels, respectively.

It should be stressed that at the first back-off level, the
output impedances of the Auxl and Aux2 cells are open-
circuit for the ideal current source operation. Similarly, at the
second back-off level, Aux2 cell is off. Therefore, only six
of the above complex equations, (2), (3a), (3b) and (4a), are
valid. As there are six unknown parameters in the impedance
matrix, Zgp can be solved uniquely. Moreover, the value of
the current ratios at the first back-off level (o1 51 and a p1)
and the current ratio at the second back-off level (az p2) is
assumed to be zero, because the Auxl and Aux2 cells are
turned off there. This helps to reduce the complexity of the
system of equations presented above. The solution set is thus
given by

Z11 = Zm,B1
70— Zm,B2 — Zm,B1

2= —"""

Q1,B2
2

T — Za1,32a1,32 - (Zm,BQ - ZT)’L,Bl)

22 — 2

a1 B2

7 (Zwt — Zm,B1) @1,B2 — (Zm,B2 — Zm,B1) 01, M

13 =

a2 MO, B2

o (Zm,B1 — Zm,B2) (Q1,B2 — 01, M)

23 — 2

Q2 MO, B2
L oM (Zar,m — Za1,B2)
Q2 M
2

e (Za1,B2 — Za1i,m) 01, M° — Zn M + Zim,B1

33 — 2

QoM
2
(,m? = 2 a1, m0a1,82) (Zim,B1 — Zm,B2)
az a2aq, pe?
+ Zao,M-

&)
The solution obtained above shows that the impedance
parameters from the lossy three-port combiner are based on
the current ratios and optimal impedances of Main, Auxl,
and Aux2 transistors. More specifically, the derived impedance
parameters depend on |ay ar|, |o,p2| and |ag as|. They also
depend on the output current phase delays (6, and 65), which
will be determined in the following section.

C. Conversion conditions

Now that the lossy three-port impedance parameters, Zgp
are derived, it should be verified that it can be realized with a
lossless four-port combiner having one of the ports terminated
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with a resistive load. It can be shown that, in order to make this
conversion possible, the following conditions are necessary
and sufficient [27]:

R{Z12}* = R{Z11}R{ Z22} (6)
R{Z13}* = R{Z11}R{Z33} (7)
R{ Z23}% = R{Z22 I R{Z33}. (8)

Note that the derived impedance parameters from (5) depend
on the three current ratios (Joy ar|, |oa,p2| and |ag ar|), the
two output current phase delays (¢; and 62) and optimal
impedances at desired maximum and back-off power levels. As
a result, there are five unknown parameters. Combined with the
three boundary conditions (6)-(8) above, the system is under-
determined. Two of the unknown parameters can therefore be
selected freely.

III. SYMMETRICAL THREE-STAGE DOHERTY PA

The generic theory presented in the previous section, will
now be used to study the behavior of the modified three-stage
Doherty PA with different current ratios (o; and as), when
enhancing the efficiency at different back-off power levels
(vp1 and ~yp2). Note that the modified three-stage Doherty
PA with different current ratios, using equally sized cells,
will be referred as symmetrical three-stage Doherty PA in the
subsequent context.

A. Drive profiles and power relations

For simplicity and without affecting the conclusions, the
auxiliary cells operating in class-C mode are approximated
by ideal voltage-controlled current sources with a piece-wise
linear characteristic. The Aux1 and Aux2 amplifiers are turned
on when the normalized input voltage drive level () exceeds
Bp1 and o, respectively.

As shown in Fig. 3, the Main cell fundamental current is
defined as

where %,, 3/ is the maximum current of the main cell.
The fundamental current flowing through the class-C biased
Auxl1 cell is defined as

0 0<B8<B8p1

6 - ﬁBl . —j61
. < g <
I, = @Bz — 531 %a1,B2 " € , Bp1 < B < BB
tal,M — %al,B2 'e*jel, Bpa < 5 <1
1 - Bp2 - T 10)

where i,1,B2 and 4,1,)s are the magnitude of the current from
the Aux1 cell at the second back-off (5p2) and the maximum
drive level, respectively. Note that the value of i,; 32 and
11,0 may affect the transconductance of the Aux1 cell.

The fundamental current flowing through the Aux?2 cell is
expressed as

0, 0<B8< BB

Ia = — .
? <B ﬁB2) Gaa e 9%, Bpa <B< 1
1— BB

(1)

where 42 s is the magnitude of the current from the Aux2
cell at maximum drive level.

1""I""I""I""

Main
- = == Ayx]1
[ — Aux2

»,

N\
)_‘-nnnnlnnnnlnnnn$.\nnn
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0 Pe1 Bpo
Normalized Input Voltage (3)

Fig. 3. Current profiles for the Main, Aux1, and Aux2 cells in a symmetrical
three-stage Doherty PA. The current profiles are normalized to the peak
magnitude of the Main cell current.

In addition, to maximize the overall efficiency of the PA,
the voltage of the Main, Aux1 and Aux2 cells at both back-off
levels should be equal to the maximum saturated voltage.

Furthermore, it should be noted that when selecting the
design parameters vp; and ~po, the total output power from
the Main, Aux1 and Aux2 cells should be related by

YB1

Pt = 10TPm|5:,3B1

“pa (12)
=100 (Pm‘ﬁ:ﬁBl + Pal‘5:552)

where
Piot = Py|p=1 + Pa1lp=1 + Pazl|p=1-

B. Efficiency reconfigurability

To better demonstrate that the efficiency versus output
power profile of the symmetrical three-stage Doherty PA can
be reconfigured, three different cases are studied and pre-
sented. It is important to mention that the current ratios should
be related by (12), to satisfy the law of power conservation,
ie.

i
1+ || + ez pr| = 10710 (Bp1)
il
= 1071 (8p2 + |1 pal)-

Therefore, Sp1 and Bp2 can be solved in terms of | pal,
once Y1, YB2, |o1,nm| and |ag ar| are determined. Thus,
the three remaining unknowns |o; po|, 61 and 6 can be
obtained using (6)-(8). Note that it is challenging to derive an
analytical solution, but a numerical solution can be obtained
using standard optimization techniques.

Table I shows the obtained parameters of three different
cases for varying back-off power (yp) and current ratios ().
By using the current profiles together with obtained impedance

13)
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TABLE I
DIFFERENT THREE-STAGE DOHERTY PA DESIGN CASES

Case 1 Case 2 Case 3
Three-stage Doherty PA  Modified Symmetrical
vB1 (dB) 9.54 10.5 11
vYp2 (dB) 6 5.5 5
lon, | 1 0.85 0.85
loa 1 0.7 0.7
lor B2 0.25 0.31 0.38
01 (deg) -90 —76.56 —67.61
02 (deg) 0 25.86 31.42
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r TR TTTA T T
[ 4 d
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)

Fig. 4. Efficiency versus output power back-off profiles of the generalized
symmetrical three-stage Doherty PA. Three cases with different power back-
off levels and current ratios are defined according to Table 1.

parameters, the RF output power, DC supply power and
efficiency of each amplifier cell can be calculated. Assuming
both main and auxiliary amplifier cells with ideal class-B
efficiency, the ideal efficiency of the Doherty PA can therefore
be obtained [28]. The corresponding efficiency versus output
power back-off profiles are presented in Fig. 4.

Case 1 is the modified three-stage Doherty PA, where the
design parameters yp1 and ypo are selected to be 9.54 dB
and 6 dB, respectively. The current ratios o ps and ag a7 are
assumed to be 1. This case reveals that the modified three-
stage Doherty PA is one special case of the proposed theory.

For Case 2 and Case 3, vp1 and g2 are chosen arbitrarily
to demonstrate the back-off efficiency reconfigurability that the
theory offers. The current ratios o1 5 and ap ps are assumed
to be 0.85 and 0.7 to mimic a symmetrical transistor scenario,
where smaller fundamental current is presented by equally
sized amplifier cells biased in class-C [29].

These results indicate that, based on the proposed method,
it is possible to utilize the current ratios (|ay, | and | ar]),
together with the output current phase delays (6; and 65)
to design three-stage Doherty PAs with high efficiency at
different back-off power levels (vp1 and vps). It should be
stressed that there is only a finite range of current ratios that
gives a physical realization of the phase delays for each power

back-off level selection. Since an analytical solution is not
available, one has to rely on numerical trials to determine the
limitations for a given current ratio.

IV. COMBINER NETWORK PARAMETERS FROM
TRANSISTOR LOAD-PULL DATA

The analysis in the previous section assumes ideal current
sources. However, in reality, especially at microwave frequen-
cies, the parasitic and non-linear effects of real transistors are
significant and their operation deviates greatly from that of
ideal current sources. Therefore, to synthesize the combiner
network and fully utilize the transistor capabilities, a design
approach based on the transistor load-pull data is desired [25].

Similar to the mathematical derivation procedure with ideal
current sources, the lossy three-port impedance matrix Zgp
can be derived using the optimal impedances and the cur-
rent ratios. It should be noted that the fundamental current
component can be easily derived, directly from the optimal
impedances and output power obtained from the load-pull
characterization [30]. The current ratios o1, g2, a1, a and oo as
needed in (2)-(4) can then be expressed as

la1,B2 6 _ \/Pm,Bﬂ?{Zm,Bz} =i

a1, B2 = (14)

T, B2 P goR{Zs1 B2}

ot = Ta1,M it _ Pa1,M§R{Zm,M}e,j91 (15)
’ Tm, M P vR{Za1 m}

g ay = T2, M iz _ Pa2,M§R{Zm,M}€,j92 (16)
> Tm, M P R{Za2, 1}

where the output current phase delay 6; is added to oy, and
o, g2, while 0 is added to as p.

The off-state impedances of the Auxl and Aux2 cells at
the back-off power levels, i.e, Z2 B2, Zq1,B1 and Zgo p1,
are finite for real microwave transistors. The mathematical
derivation will therefore be slightly different compared to
the ideal operation case introduced previously, where the off-
impedance is assumed to be infinite. Therefore, equation (3c),
(4b) and (4c) should be employed when introducing the three
new variables to the system. First, o1 g1 and ap g1 can be
derived by (4b) and (4c)

(Za2,B1 — Z33) Z12 + Z13Z23

« = 17)
LB (Zao.B1 — Z33) (Za1,B1 — Z22) — Z34 (

(Za1B1 — Z22) Z13 + Z12Z23

« = . (18)
»B1 (Zazp1 — Z33) (Za1,B1 — Za2) — Z34
Then, from equation (3c), ap g2 can be expressed as
Zo: AR
a2.52 = 2301, B2 + 13 (19)

Za2,B2 — Z33

Thus, a1,p1, 2,1 and g g2 can be obtained in terms of
the lossy three-port impedance parameters, the three off-state
impedances, and « po. The lossy three-port impedance pa-
rameters can thereafter be solved symbolically, using equations
(2), (3a), (3b) and (4a), together with (17)-(19). Consequently,
the impedance parameters of the lossy three-port combiner can
be expressed in terms of the optimal impedances at maximum
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Fig. 5. Step-by-step conversion of the generalized output combiner into a realizable network. First, the lossy and reciprocal three-port output combiner in (a)
is converted to a lossless and reciprocal four-port output combiner terminated with a purely resistive load Ry, in (b). Then, the obtained four-port impedance
parameters are transferred to the four-port admittance parameters, which can be converted into an equivalent network topology in (c).

and two back-off power levels, the off-state impedances, the
three current ratios | ), |ao,nm| and |aq pal, as well as
the Auxl and Aux2 output current phase delays 6; and 6.
Finally, the lossy three-port impedance parameters can be
determined by solving the three boundary conditions (6)-
(8). As discussed previously, a numerical solution technique
has been used to determine the phase delays that satisfy the
boundary conditions.

Moreover, it should be stressed that the parasitic and nonlin-
ear effects shift the current phase from the input to the output
current in realistic transistors. This phase shift depends on bias,
transistor size, harmonic termination and matching networks.
The physical input phase delays ¢; and @5 should therefore
be adjusted to compensate for these effects and to ensure that
the desired output phase delays #; and 6, are achieved at the
interface to the output combiner:

©1 =01 — Qa1,B2 + ©m,B2 (20)

w2 =02 — a2, M + Om, M- (21)
where .., 1 and @go represent the input-to-output phase
shifts introduced by the Main, Auxl and Aux2 transistors,
respectively.

V. REALIZATION OF LOSSLESS FOUR-PORT COMBINER

Now that the lossy and reciprocal three-port impedance
parameters are determined, the next step is to convert it to
the lossless and reciprocal four-port network (z4p), terminated
with a purely resistive load Ry. Assuming that the output
port 4, is terminated with load Ry, the four-port impedance
parameters (denoted by z;;) can be derived in terms of the
three-port impedance parameters (denoted by Z;;) [27]:

z14 = £j/R(Z11)/C
Z24 = :tj\/ %(ZQQ)/C
234 = £J/R(Z33)/C

(22)

2
214 214724
=2+t —r zi2=lipg+——
z4a + Ry, za4 + R
2
22, 294734
Zog = Jog + —————  zig=Ziz+ ———— (23)
244+ RL z44 + R
2
234 224234
233 = 33+ ————— o3 = o3+ ———
z4a + Ry, Zaa + R
where
2r
C T e———
2 7
R, + |2a4]

Note that all the impedance elements from z4p should be
imaginary, which is used to determine the proper signs in
(22). It is worth mentioning that z44 and R, offer two degrees
of freedom. It is then straightforward to convert the lossless
and reciprocal four-port impedance parameters to four-port
admittance parameters (y4p). From them, it is always possible
to synthesize a lumped-element combiner network [31], as
shown in Fig. 5. The value of each element in the combiner
network can be calculated from the four-port admittance
parameters:

n
Ye=uk+ Y, Uk
J=1,j#k

(24)

with cross elements:

Yij = —yi; (25)

where Y}, and Y}; denote the admittance in the combiner
network, while yr; and yi; stand for the parameters in the
four-port admittance matrix.

The combiner network presented in Fig. 5 may be difficult
to realize in a real design. However, as presented previously,
there are two degrees of freedom when converting the lossy
three-port combiner network to the lossless four-port combiner
network, i.e, z44 and Ry. Ry can, for instance, be set to
50 € to let the combiner directly interface the 50 €) load
termination. Moreover, the lumped-element components Y7o
and Y73 both can be approximately nullified by tuning the
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Fig. 6. Simplified combiner network after tuning of z44 and A — Y circuit
transformation.

Fig. 7. Schematic of the single PA design, which is used for the Main, Auxl,
and Aux2 cells.

value of z44, without any influence on the combiner opera-
tion. This simplifies the physical realization of the combiner
network significantly. The layout of the combiner network can
be even more compact and easier to be fabricated, if A — Y
circuit transformation is applied. Fig. 6 illustrates the resulting
simplified output combiner network, which can be transformed
to a transmission-line based network, if desired.

Therefore, it is possible to realize a compact output com-
biner network with the presented load-pull based analytical
synthesis approach. In the next section, the practical applica-
tion of the complete procedure is illustrated through the design
of a symmetrical three-stage Doherty PA at 2.14 GHz.

VI. PROTOTYPE DESIGN DEMONSTRATION

In this section, a prototype PA which follows the pro-
posed approach is designed to illustrate the complete design
procedure. A commercially available 10-W packaged GaN
HEMT transistor from Wolfspeed (CGH40010F) has been
selected to act as the active device in all three stages. Fig. 7
shows the schematic of the employed PA cell, which includes
stabilization, fundamental source matching, second harmonic
source and load terminations, as well as bias and supply feeds.
The same PA cell is used for Main, Auxl and Aux2 cells,
except for the choice of gate biasing and fundamental load.
The fundamental output matching network is omitted as the
output combiner network, which is obtained directly from

load-pull data, merges matching and combining operation into
a single compact and low loss network. The drain bias voltage
is set to Vpp = 28 V for all three amplifier cells.

Fig. 8 shows a step-by-step flowchart of the design method-
ology used. Details of each step are presented below.

Step 1: The PA efficiency is designed to have peaks at
vp1 =10 dB and vy = 6 dB, respectively. Note that the
selection of the gate bias for the Main cell should be made
taking into account the trade-offs between gain and efficiency
performance. For example, a Main cell biased at towards
Class-AB mode helps to improve the overall gain performance
of the PA, meanwhile its efficiency performance is degraded.
In this specific design, the gate bias for the main cell is
determined to be Vgg_m = —3.1 V.

Step 2: Select the gate bias for the Auxl and Aux2 cells.
The selection of the gate bias may require several iterations to
find the bias for the Aux1 and Aux2 cells to turn them on at
the desired back-off power levels. The gate bias for Aux1 and
Aux2 cells are, in this design, selected to be Vgg_a1 = 5.2 V
and Vgg_.» = —7.8 V, respectively.

Step 3: Perform load-pull characterization of the Main,
Auxl1 and Aux2 cells at maximum and two selected back-off
power levels. The load pull is performed with the selected bias
points for the Main, Aux1 and Aux2 cells in the previous steps.
The load-pull simulation data obtained for this prototype,
is presented in Table II. The off-state impedances of the
Auxl and Aux2 cells at the two back-off power levels, are
(0.74 — 411.8) © and (0.73 — 512.0) €, respectively.

Step 4: Numerically solve the two output current phase
delays 6, and 69, using (6)-(8). For this design example,
their values are calculated to be 45° and 53°, respectively.
Therefore, using the theory presented in Section IV, the lossy
three-port impedance matrix Zgp can be determined as

114 + 575 59— j43 4.1—jl6
Zsp = | 59— 443 3.1-j15 19— j6.8 (26)
41-416 19— 3j68 15— 075

Step 5: Convert lossy three-port impedance matrix Zgp to a
lossless four-port impedance matrix z4p, using (22) and (23),
which is then converted into admittance matrix form y4p.

Step 6: Realize an initial lumped-element combiner network
from the obtained four-port admittance matrix y4p, using
(24) and (25). The lumped-element combiner network is then
further simplified by fine tuning the value of z44, to eliminate
the cross connections in the admittance matrix. The following
Yap is obtained:

710 0 -4
i lo 3 o83 31
YaP = 1000 | 0 183 108 76 27

—42 31 76 13

Step 7: Apply A — Y circuit transformation to make the
combiner more compact and easier to fabricate. The resulting
lumped-element output combiner network is finally converted
to a transmission-line based network [25]. The resulting
transmission-line combiner is presented in Fig. 9.
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TABLE I

SELECTED LOAD-PULL SIMULATION DATA AT 2.14 GHz

| Main Aux1 Aux2
Zopt () Pout (dBm) | PAE (%) Zopt () Pyt (dBm) | PAE (%) Zopt (2) Pyt (dBm) | PAE (%)
Peak power 14.2 — 5.9 42.1 66.1 104 — j5.2 41.8 65.3 7.0 — j4.7 41.0 56.6
6 dB back-off (yp2) 10.6 + j1.7 40.0 63.8 7.0 4+ 74.7 37.8 71.7 — — —
10 dB back-off (vp1) 6.8 4+ 57.8 37.0 68.6 — — — — — —
use the symmetrical power splitter, the input power level of
Step 1 Decide vy, Ys2 & Main bias the Main, Aux1 and Aux2 amplifier cells should be identical,
T when performing load-pull characterization during the design
process. Single-stub impedance-matching networks are used
Step 2 Select Aux 1 & Aux 2 bias [« at the inputs of the Main, Auxl and Aux2 amplifier cells.
v Furthermore, 50-€) transmission lines are added to the inputs
steos Find optimal impedances of the Auxl and Aux2 cells to provide proper phase delays.
P from load-pull characterization
v 80+ Drain Efficiency . : 48 %\
Step 4 Calculate lossy three-port - - —Ou_tput Power _ - - =
impedance matrix Zzp g 70} ==mm=m== Gain > 140 .g
& 60 132 ;‘?\
§ - S
Perfomance \\\No S 501 = 124 2
Good Option 1 2 E a0l l16 >
5 §
[a) 30_-—--- —---—--.--_-—-_-_-—. _8 -
Step 5 Calculate z4p, then 3
convert zz to Yap 20 L L L L 0 5
7 15 20 25 30 35 40 ©
Step 6 Realize the four-port Input Power (dBm)
P combiner from ygp . . . . . .
Fig. 10. Simulated drain efficiency, output power and gain versus input power
2 of the prototype three-stage Doherty PA at 2.14 GHz.
e T ey transformation
- The output power, efficiency and gain simulation results
using transistor models provided by the vendor are shown in
End Fig. 10. The simulated efficiency and power profiles show a

Fig. 8. Design methodology enabling high power back-off efficiency enhance-
ment using load-pull data from simulation or measurement.

30 Q,80° Main (D 302, 105°

]

@ Auxt

— 3.1pF

30 Q,63°

o —

%509

Fig. 9. Final output combiner network realization derived from the simulated
load-pull data using the proposed design methodology.

A three-way equal-split power divider is used at the input
of the prototype circuit. It should be stressed that, in order to

clear three-stage Doherty PA behavior. Moreover, comparing
the load-pull data from Table II with the final simulated results,
it is evident that the analytical load-pull based design approach
enables the highest possible efficiency performance from the
device at peak and back-off power levels.

VII. MEASUREMENT RESULTS

The output combiner and test circuits derived in the previous
section has been implemented on a 20-mil Rogers 4350B
substrate. All transmission lines are EM simulated using
Keysight Momentum and models provided by Modelithics
are employed for all the lumped elements to guarantee good
agreement between measurements and simulations. Fig. 11
shows a photograph of the fabricated 2.14 GHz prototype
circuit with three 10-W GaN HEMT devices (CGH40010F)
from Wolfspeed. The design assumes equal power split. The
input power is therefore divided using a surface mount three-
way SCN-3-28 power splitter from Mini-Circuits. The input
transmission lines are designed to provide proper input phase
delays to the Aux1 and Aux2 cells.




IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES [CITATION INFORMATION: DOI: 10.1109/TMTT.2021.3126885]

Fig. 11. Photograph of the fabricated three-stage Doherty PA prototype. The
dimensions are 11.0 cm X 11.4 cm.

To evaluate the performance of the fabricated symmetrical
three-stage Doherty PA, measurement results for continuous-
wave (CW) and digitally modulated signals are presented
below. The measurement results are compared with represen-
tative state-of-the-art load modulated PAs at the end of the
section.

A. Continuous-wave measurements

The measurement results using CW signals at 2.14 GHz
are presented and compared with harmonic balance (HB)
simulations. A drain bias voltage of Vpp = 28 V is used
for all PA cells. The Main cell is biased for a quiescent
drain current of 26 mA, corresponding to a gate voltage of
Vos—m = —3.1 V. The gate voltages for Aux1 and Aux?2 cells
are selected to be Vgg_a1 = —5.2 Vand Vgg_p = —7.8 V,
respectively. During measurements, the gate bias of Auxl
and Aux2 were slightly modified to Vgg_a1 = —5.5 V and
Voe—a2 = —8 V for better agreement with simulations.

The measured and simulated drain efficiency versus output
power profiles at 2.14 GHz are presented in Fig. 12. The
maximum measured output power is 45.3 dBm whilst the mea-
sured drain efficiency values at 6-dB and 10-dB power back-
off levels are 68% and 56%, respectively. As shown in the
figure, the measured drain efficiency profile agrees very well
with the circuit simulations. Moreover, a distinct three-stage
Doherty PA efficiency profile is achieved, which confirms the
effectiveness of the proposed design methodology.

The measured and simulated PAE and power gain at 2.14
GHz are presented in Fig. 13 and 14, respectively. The mea-
sured PAE at 6-dB and 10-dB output power back-offs is 56%
and 45%, respectively. The agreement between measurements
and simulations is in general very good, although the measured
PAE and power gain shows a small degradation compared to
simulations in the lower output power region.

80
g
T 60+
o)
kS
S 40t
m . .
c . .
© 201 ! | m—Simulated | T
o . | =@ Measured | :
0

32 34 36 38 40 42 44 46
Output Power (dBm)

Fig. 12. Measured and simulated drain efficiency versus output power.
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Fig. 13. Measured and simulated PAE versus output power.

g
£
8 4 : . .
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Output Power (dBm)

Fig. 14. Measured and simulated gain versus output power.

In Fig. 15 and 16, the measured efficiency performance is
presented versus frequency for different output power back-off
levels. As seen from the figures, the prototype circuit exhibits
a drain efficiency of higher than 58% and 48% and a PAE of
higher than 44% and 39% at 6-dB and 10-dB power back-off
levels, respectively, across 2.08 — 2.20 GHz.

The measured output power and gain results are presented
in Fig. 17. Across the 2.08 — 2.20 GHz frequency band, the
output power and the gain are above 44.5 dBm and 7.5 dB,
respectively. There are several reasons to explain the relatively
narrowband nature of the presented design. First, the employed
PA unit cell design in Fig. 7 is designed for single-frequency
operation at 2.14 GHz. The overall design procedure is also
based on load-pull characterization at a single frequency only.
Although it goes beyond the scope of the current work, a more
wideband design could be obtained by incorporating load-pull
data from different frequencies in the design procedure.
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Fig. 15. Measured drain efficiency versus frequencies at peak, 6-dB, and

10-dB back-off power levels.
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Fig. 16. Measured PAE versus frequencies at peak, 6-dB, and 10-dB back-off
power levels.
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Fig. 17. Measured output power and small-signal gain versus frequencies.

B. Modulated-signal Measurements

The performance of the three-stage Doherty PA prototype is
characterized at 2.14 GHz using Long Term Revolution (LTE)-
like signals of varying PAPR and bandwidth. Results are
presented both with and without the use of digital predistortion
linearization (DPD) with the generalized memory polynomial
model [32]. The initial tests are made with a 8.5-dB PAPR
20-MHz LTE signal at 2.14 GHz. Without any linearization,
the PA prototype circuit provides an average drain efficiency
of 56.6% and an adjacent channel leakage ratio (ACLR) of
below —28.6 dBc at an average output power of 36.8 dBm.
After applying DPD, the ACLR of the prototype is improved
to —49.4 dBc at an average output power of 36.7 dBm. Fig. 18
shows the output spectrum, before and after applying DPD.
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Fig. 18. Measured normalized power spectral density for a 20-MHz 8.5-dB
PAPR LTE signal at 2.14 GHz, with and without DPD.
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Fig. 19. Measured normalized power spectral density for a 100-MHz 8.5-dB
PAPR LTE signal at 2.14 GHz, with and without DPD.
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Fig. 20. Measured AM-AM and AM-PM characteristics when using a 100-
MHz 8.5-dB PAPR LTE signal at 2.14 GHz, with and without DPD.

When increasing the PAPR of the 20-MHz LTE-like signal
to 11.5-dB, which is the case if no crest-factor reduction
technique is applied, an average output power of 33.7 dBm
and an average efficiency of 46.8% is observed. For this signal,
the ACLR values, before and after applying DPD are better
than —29.2 dBc and —49.4 dBc, respectively.

Finally, the bandwidth of the 8.5-dB PAPR LTE signal has
been scaled up to 100 MHz to test the PA performance under
wideband signal excitation. Fig. 19 shows the measured output
spectrum with and without applying DPD. The corresponding
AM/AM and AM/PM characteristics are presented in Fig. 20.
The measured average drain efficiency is reduced to 54.5%
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TABLE III
COMPARISON WITH STATE-OF-THE-ART LOAD MODULATED PAS.

Continuous-wave measurement

Modulated-signal measurement

Reference Architecture fo Pmax  7M.10aB/6aB/-0aB PAE.104B/-6dB/-0dB BW  PAPR 1y ACLR
(GHz) (dBm) (%) (%) (MHz) (dB) (%) (dBc)
[33] Outphasing 2.14 50.2 42/60/51 N/A 3.84 9.15 54.5 —34.2%°
[27] LMBA 24 456 -/54/67 34/50/61 10 75 A7 —27ve
[34] CLMA 2.09 43.1 48/73/72 N/A N/A
[25] Doherty 2-way ~ 1.95 44 52/62/68 44/57/60 20 9 55 —49™
[35] Doherty 2-way 2 42.9 50/60/70 47/60/68 20 9.55 53.3 —47.1v
(18] Doherty 3-stage ~ 0.75 46 58/60/74 )72 15 10.6 517 —46.3
[22] Doherty 3-stage  2.65 50.5 46/56/55 40/46/49 10 7.8 55 —40%
[19] Doherty 3-stage 2.1 45.7 46/61/59 N/A 40 85 50  —50
20 85  56.6 —49.8V
This work Doherty 3-stage  2.14  45.3 55/68/69 45/56/57 20 115 468  —49.4V
100 85 545 —45.7V

whilst providing an average output power of 36.2 dBm. The
ACLR is improved from —26.3 to —45.7 dBc after DPD.

C. Performance Comparison

Table III presents a summary of the static and dynamic
measurement results and compares them with representative
state-of-the-art load modulated PAs that target high efficiency
at deep power back-off. The performance of the symmetrical
three-stage Doherty PA in this work stands out in terms of
high efficiency at deep back-off at comparable frequencies.
The presented PA also shows very good linearity performance
with competitive average efficiency and output power values
with modulated signals, while meeting the requirements of
modern wireless communication standards.

VIII. CONCLUSION

A generic methodology for systematic design of highly
efficient three-stage Doherty PAs has been proposed. The
methodology is tailored to maximize the PA efficiency at
two reconfigurable output power back-off levels, therefore
enhancing the average efficiency for signals with high PAPR
values. The method is based on an analytical design approach
where the combiner network, and its physical realization,
is derived directly from the conditions and transistor load-
pull data that guarantee maximum performance in three-stage
Doherty PAs. The obtained four-port combiner integrates the
output matching and load modulation circuits in one compact
network. It therefore results in a combiner network with
very low loss. The proposed method has been experimentally
verified through the design of a 2.14 GHz GaN prototype PA
presenting excellent efficiency performance when amplifying
modern communication signals with large bandwidth and high
peak-to-average power ratio.

The main advantage of the proposed design method, com-
pared to traditional three-stage Doherty PAs, is the possibility
to realize the design for varying back-off efficiency peaks
while maintaining full transistor utilization even with identical
transistors. With symmetrical transistors, the input power
splitting is simplified, the gain is improved, and the overall
efficiency is maximized. Thus, the symmetrical three-stage

Doherty PA fabricated using the load-pull based analytical
method can be a strong candidate for future wireless transmit-
ters where high power back-off efficiency and compact size
are required. Furthermore, it is possible to use the proposed
generic theory to understand fundamental limits of three-
stage Doherty PAs, and for exploration of new multiple-input
architectures.
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