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Ultra Wideband Dual-Mode Doherty Power
Amplifier Using Reciprocal Gate Bias
for 5G Applications

Meng Li, Student Member, IEEE, Jingzhou Pang, Member, IEEE, Yue Li, Student Member, IEEE,
and Anding Zhu, Senior Member, IEEE

Abstract—A novel architecture to extend the bandwidth of the
Doherty power amplifier (DPA) is presented in this paper. It is
illustrated that two DPA modes at different frequency bands can
be realized by simply swapping the gate biases of the transistors
without changing the matching circuits, and hence ultra wide
bandwidth can be achieved by using a single load modulation
network in DPA. A dual-mode DPA with 2.8-4.1 GHz bandwidth
for Mode I and 2.2-2.7/4.2-4.8 GHz bandwidth for Mode II using
commercial GaN transistors is designed and implemented to
validate the proposed architecture. The fabricated DPA attains a
measured 7.5-11.7 dB gain and 39.2-41 dBm saturated power.
35.0% to 49.7% drain efficiency is obtained at 6 dB output
power back-off for the designed dual-mode bands. When driven
by a 10-carrier 200 MHz OFDM signal with 7.7 dB peak to
average power ratio, the proposed DPA achieves adjacent channel
leakage ratio of better than -50 dBc after digital predistortion at
2.5/3.5/4.5 GHz with average efficiency of 46.0/35.7/33.0%. This
simple configuration provides a promising solution for 5G, where
multiple frequency bands in sub-6 GHz will be deployed.

Index Terms—Broadband, Doherty power amplifier, dual-
mode, high efficiency, multi-band, wideband, 5G

I. INTRODUCTION

ODERN wireless communication systems often em-

ploy modulated signals with high peak to average
power ratio (PAPR) to improve spectrum efficiency. It de-
mands high efficiency from radio frequency (RF) power
amplifiers (PAs) at back-off power in order to enhance the
average power efficiency of the system. Many back-off power
efficiency improvement techniques for RF PAs have been
developed in past decades. Doherty power amplifier (DPA),
firstly introduced in [1], is one of the most widely used
architectures in modern wireless transmitters, especially in
cellular base-stations [2]-[5].

Driven by specific applications, e.g., 3GPP and 4G Long-
Term-Evolution (LTE), most DPA developments have been
focused on frequency bands below 3 GHz [6]-[12]. The
next generation wireless communication system, i.e., 5G, will
employ new core air-interfaces with frequency bands from 3
to 6 GHz, e.g., Band N77 from 3.3 GHz to 4.2 GHz and Band
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N79 from 4.4 GHz to 5.0 GHz [13], [14], to provide larger
signal bandwidths. In the meantime, the LTE bands, e.g., 3GPP
Bands No. 40 of 2300 MHz - 2400 MHz and No. 41 of 2496
MHz - 2690 MHz [14], will continue to be used in the 5G
system. It is thus desirable to have DPAs operated in a wide
range of frequency bands.

To support multimode/multiband operations, bandwidth ex-
tension techniques for DPAs have received widespread atten-
tion recently. By employing techniques such as post-matching
networks [7]-[9], integrated compensating reactance [10] and
continuous mode operations [11], [12], bandwidth of the
DPAs can be greatly extended. These mentioned techniques
mainly focus on the design of broadband load modulation
networks. The bandwidth expansion of DPAs at architecture
level has also been explored, such as dual input [2], [3] or
bias adaptation [15]. Other techniques for improving average
efficiency such as load modulated balanced PAs [16] and
Doherty-like multi-transistors combing PAs [17] also extend
the bandwidth to higher than 3 GHz to meet the requirements
for the 5G systems. Nevertheless, the bandwidths of DPAs
are still limited and it is very challenging to design a high
efficiency Doherty PA to cover the full bandwidth of 5G, e.g.,
from 2 to 5 or 6 GHz.

In this paper, a new Doherty configuration is presented to
extend the bandwidth of the DPA to cover a multi-GHz range.
It is illustrated that, with a proper design, the same broadband
load modulation network can be used for the DPA to operate
at two modes at different frequency bands by using a pair of
reciprocal gate biases without any changes in the circuits. A
DPA using commercial GaN devices with bandwidth of 2.8-
4.1 GHz for Mode I and 2.2-2.7/4.2-4.8 GHz for Mode 1I is
designed and implemented employing the proposed structure.
For the fabricated PA, Doherty operation can be well obtained
for both the two designed modes and more than one octave
bandwidth is achieved. The combined bandwidth of the two
modes of the proposed DPA covers almost all the sub-6 GHz
frequency bands for 5G applications.

The remaining part of the paper is organized as follows,
Section II demonstrates the operation theory of the proposed
DPA. Section III shows the detailed procedures of realizing the
DPA with the Cree40006s transistor on a 31 mil Rogers 5880
substrate. In Section IV, the experimental results are presented
with a conclusion given in Section V.
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Fig. 1. Concept of the proposed dual-mode DPA (a) block diagram; (b)
frequency bands coverage.

II. THEORETICAL ANALYSIS OF THE PROPOSED DPA

The Doherty power amplifier usually combines two ampli-
fiers through a load modulation network at output. In a con-
ventional design, one of the amplifiers, i.e., carrier amplifier,
is biased for class AB operation, while the other, i.e., peaking
amplifier, is biased at class C mode. At high input power
levels, both amplifiers are active and deliver power to the load.
When the input power is low, only the carrier amplifier is
active. To maintain the efficiency at power back-off , the load
resistance appearing to the carrier amplifier must be increased
via the load modulation network when the input power is
reduced. Due to intrinsic limits of the circuits, it is difficult
to provide the optimum matching across wide bandwidth at
a single operation mode in DPA. Multimode and multiband
designs have been proposed to extend the bandwidth but these
designs usually involve complicated circuits or control units.

In this work, we propose a simple broadband dual-mode
DPA architecture, shown in Fig. 1. The core idea is to realize
the Doherty characteristics in different modes at different
frequency bands by simply switching the gate voltages, Vgs—1
and Vggs_o, shown in Fig. 1(a), of two identical transistors
without changing the circuits. In Mode I, the transistor 1 (T1)
is biased with Vzs_1 at class AB mode as the carrier amplifier
while the transistor 2 (T2) is biased with Vgg_o at class
C mode as the peaking amplifier. In Mode II, the matching
networks are the same, but the gate biases of T1 and T2 are
swapped and thus the carrier and peaking amplifiers are ex-
changed, namely, T1 becomes peaking and T2 becomes carrier.
The frequency responses of the load modulation network at
different modes are different. With a proper design, if in Mode
I the PA can cover the middle frequency band, while in Mode
Il it can cover the remaining two bands at the two ends, as
shown in Fig. 1(b), the combined frequency band of the DPA
will be very wide.

Z Zﬁzﬁ: fﬂz&oz Zuz
; OMN 1 > < OMN 2 7
1 I
" Z1 6w, n v Z7.0u, " +
+ +
Vi CG1 Vurs =Vurz Z CG2 Ve

Fig. 2. Load modulation network of the proposed DPA.

A. Load Modulation Analysis

To implement the above idea, we propose a symmetric
configuration and use a generalized output matching network
(OMN) for carrier and peaking amplifier, respectively, as
shown in Fig. 2, where the two transistors are represented
by current generators (CG).

To simplify analysis, we assume that the parasitic of the
transistors and package parameters can be entirely absorbed
into the OMNSs. For this schematic, the proposed two modes
are defined as followed: in Mode I, CG1 is biased at Class-
AB mode as the carrier device and CG2 is biased at Class-C
mode as the peaking device while in Mode II, CG1 becomes
the peaking device and CG2 is the carrier device.

Let’s assume the OMNSs can realize matching from Zr to
Zr in the designed band and 6);; and 6,5 is the phase shift
of OMN 1 and OMN 2, respectively. The ABCD matrix of
the lossless OMNSs can be described as,

{ A B cos 6 0

B jZrsinf
¢ =L

cos

where Zp can be set to R, the optimum load impedance
for Class-B operation of the device.

Therefore, the voltage and current relationship between CG
plane and the combining node can be expressed as,

\%Y: Vur
Iyt

Iy
From (2), we can calculate the current at CG plane as,

jZT sin 91»[
cos O

cos O

] - [ j(sinOnr) /Zr } )

Ing = Ve - (jsinOn /Z7) + cos O - Iyt 3)
where the voltage at the combining node is,
Vur = (Inry + Inre) - Z1 “4)

Z 1, represents the combining load of the two branches, which
is equal to Z7/2.

To meet the equal-phase combining condition at saturation
(at the combining node) for the symmetrical Doherty opera-
tion, the following current relationship should be satisfied,

Tyr2,sat = Tt sat 5)

From (3), (4) and (5) we can obtain,

Intsat = Initosar - (cos Oar + 5 sin 0ar) = Ingr,sar - €7 (6)
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Therefore, in both Mode I and Mode II, the current gener-
ated by CG1 and CG2 should satisfy the following relation-
ship,

Iyvt,sat = T2, sat - e (Orr1—=0ar2) (N

Equation (7) indicates that the equal-phase combining con-
dition at saturation can be satisfied by adding a phase com-
pensation network with the phase shift of (05,1 — 0as2) at the
input of CG1 for both Mode I and Mode II.

When the equal-phase combining condition in (5) is sat-
isfied, the load impedance at the combining node can be
calculated as,

ZMT1,sat = LMT2,5at = 4T )

On the other hand, the matching impedance of the OMN at
CG plane Z); can be expressed as,

_ ZurA+B

 ZurC+D

where Zj;r is the load impedance of each amplifier branch

before the combining point. Substituting (1) into (9), we obtain

Zm €))

Zyry + jZrtandan

Zy = Zr -
! Zr + jZyritanOyn

(10)

Zyr2 + jZrtand
Z1 + jZarratantira

Zye = Zr (11)
where Zj;1 and Zyo are the matching impedances of OMNs
at the CG planes.

Substituting (8) into (10) and (11) we can know,

ZM1,sat = LM2,sat = 4T (12)

which means that the required impedance for the carrier and
peaking branches are both matched to R,,;, meeting the
condition for Doherty operation at saturation for both Mode I
and Mode II.

In Mode I, only CG1 is active at back-off, CG2 is not
yet turned on and it presents an open circuit at CG2 plane.
The branch impedance Zasr1b0 = Z1//Z 002,60, In Which
ZMmo2,p0 Tepresents the output impedance of CG2 branch and
can be expressed as,

1

_— 13
jtanByro (3)

ZMo2,b0 = 4T
Substituting (13) into (10), we can obtain the back-off match-
ing impedance Z1, of Mode I as

1 — tan@pritanbyro + j2tanb
2 + jtanBp + jtanbyro

ZM1,bo = 4T (14)
To satisfy Doherty operation, Zps1 3, should be matched to
2R,p¢. As we know, the phase of the OMN is frequency
dependent. Let’s set 01 = —90° and fp2 = —180° at
the center frequency. If we sweep 6p;1 and 00 with the
normalized frequencies, the normalized resistance of Zas1 o
can be shown in Fig. 3(a), where we can see the DPA can
operate within a wide frequency band.

In Mode II, CG2 becomes the carrier while CG1 is the
peaking. Equation (12) can still be established at saturation,
as the proposed DPA employs a symmetric structure. At back-
off, the carrier branch is changed to the CG2 branch and the

Normalized
Resistance

0.4 0.6 0.8 1 1.2 1.4 1.6
Normalized Frequency

4k -
-Z
g 83 ,\ ‘" M2,bo
N = / 1
= s \
£22 /'y Modell 1
=3 ! \ N
4 &1 -7 \ ! \\
0- S =7 J
0.4 0.6 0.8 1 1.2 1.4 1.6

Normalized Frequency
(b)

Fig. 3. The normalized back-off resistance vs. normalized frequency of (a)
Mode I (b) Mode II.

CG1 is turned off. Thus, Zyr2pe = Z1//Zro01,00. Where
Zmo1,po can be expressed as,

1

T — 15
jtanfy {as)

ZMO1,bo = LT

Substituting (15) into (11), the back-off matching impedance
Zr2,p0 of Mode II can be calculated as,

1 — tan@pritanbyo + j2tanbyro
2 + jtanlyr2 + jtanfu

2,0 = 2T (16)

As mentioned earlier, in the proposed DPA, we only switch
the biases but do not change the circuits when moving from
Mode I to Mode II. Therefore, 05,1 and 6,2 stay the same.
If we sweep 01 and 6);5 with the normalized frequencies
again, the normalized resistance of Zpra 4, is shown in Fig.
3(b), where we can see that, although the PA can no longer
operate as Doherty at the center frequency band, at each
sideband, the output impedance can still be made close to the
optimum and thus Doherty operation can still be achieved.
Therefore, from Fig. 3, we can see that if the bandwidth char-
acteristics can be combined properly between two modes, a
wideband DPA can be obtained. Further design considerations
will be discussed in detail in the following subsections.

B. Bandwidth Analysis

From the above equations, we can see that the required
impedance of the proposed DPA at saturation for both Mode
I and Mode II can be automatically achieved when the
equal-phase combining condition is satisfied. Therefore, the
bandwidth performance is mainly determined by the back-off
impedance. In Doherty design, the bandwidth of a DPA can
be defined with power contours relating to a certain back-off
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output power level, which is called “power bandwidth” [18]-
[20]. In addition, the back-off output power level of a DPA
can be defined as,

BO, = 10log;4(27) (17)

where ~ represents the ratio of the back-off resistance re-
lated to R,p:. The § dB power bandwidth can be defined
by determining the frequency range in which the back-off
impedance stays within the § dB power contour on the Smith
chart. Therefore, to obtain the § dB power bandwidth for the
proposed DPA, the real part of the back-off impedance and
admittance are required to satisfy the following two equations
[21], [22]:

Re(Zyo) > YRopi 1079710 (18)
10—6/10

Re(Yi) 2 (19)
opt

The required back-off impedances of the proposed DPA are
expressed by phases 071 and 0p0 and Z7p of OMNs in (14)
and (16). Thus, to define the bandwidth of the proposed DPA,
it is crucial to discuss the impact of 65,1 and 0ys2. 671 and
02 are frequency dependent and can be defined as,

9M1 :91+047T(].—f)
Oz = 02 + Br(1 — f)

where f refers to the operation frequency, which is normalized
to the center frequency f., 61 and 6, is the reference phase at
fe and « and S is the changing factor of the phase change with
the operation frequency of OMN 1 and OMN 2, respectively.

From (14), (16), (20) and (21), we can see that Zyq 3, and
Z 2,60 can be expressed by using o, 3, 61, 02 and f. If these
parameters are substituted into (18) and (19), the resistances
of Zyr1,po and Zpy2p, are now restricted to the condition (18)
and the conductances of Y1 4, and Yy 21, are restricted to
the condition (19). With fixed v and ¢, and with the certain
selection of «, 3, 01 and 05, the bandwidth of Mode I can
be solved by inequalities in relation to Zs1 40 and Yas1 po,
and the bandwidth of Mode II can be solved by inequalities
relating to Zys2 50 and Y2 4. To clearly illustrate the impact
of different parameters, further discussions are given below:

1) Selection of a and (: To simplify the analysis, 6;
is fixed to —90°, and 05 is set to —180°. Let’s take an
example with 8 = 1.3 and vary « to show the bandwidth
variations, assuming « < (. The normalized resistances and
conductances values versus the normalized frequencies are
shown in Fig. 4(a) and Fig. 4(b), respectively. If we use
~v = 2.5 and § = 1.5 to define the boundary condition in (18)
and (19), the bandwidth of the DPA in Mode I can be found
as the frequency bands where the resistance and conductance
values are higher than the boundary, as shown in Fig. 4(a) and
Fig. 4(b). Following the same rule, the bandwidth of the DPA
in Mode II can be found in the same way as shown in Fig.
4(a) and Fig. 4(b).

Table I summarizes the obtained bandwidth shown in Fig.
4(a) and Fig. 4(b). Mode I-R and Mode I-C represents the
bandwidth of Mode I obtained from the intersection of resis-
tance and conductances line with the boundary line in Fig. 4(a)

(20)
2y

=Ly po@=048) —4—27,,, | (a=0.8) —q—Z | (a=1.12)
- O_Z‘“z.ho(a=0448) - -Z‘“Z.bo((,:o,s) -q-Z
[}

_““m(a=l.ll)

&~
T

Normalized Resistance

Normalized Frequency

(a)

Boundary

Normalized Conductance

—0- Yy o @048) ——Y || (@=0.8) —q—Y | (a=1.12)
021 |- 0=y, o (@=048) - g -Y | (@=0.8) - q-Y, | (a=1.12)] -

0.4 0.6 0.8 1 1.2 1.4 1.6
Normalized Frequency

(b)

<
£
g o0 =0.48
= w1 (@=0-48)
—+—0,,,(a=0.8) R
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300 0)11 s ~<_ |
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-400 ‘ . ‘ . ‘ ‘ ‘
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Normalized Frequency
(©

Fig. 4. Bandwidth of (a) normalized resistance, (b) normalized conductance
and (c) phase relationship of dual-modes with constant S=1.3 and varied c.

and Fig. 4(b), respectively. The Doherty operation of Mode
IT appears as dual-band, thus Mode II-L. and Mode II-H are
introduced to represent the lower and higher frequency bands
for Mode II. The total bandwidth of the proposed DPA is the
combined bandwidth of Model I and Mode II.

From Fig. 4(a) and Table I, we can see that the impedance
distribution is symmetric to the center frequency, which means
the bandwidth is also symmetric. In addition, the bandwidth
of Mode I is decreased with « rising from 0.48 to 1.12, while
Mode II bandwidth is increased. Moreover, when « is far from
0.8, the invalid bands between Mode II and Mode I are wider.
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NORMALIZED BANDWIDTH OF MODE I AND MODE II FOR DIFFERENT

TABLE I

VALUES OF @ WHEN 8 = 1.3
o Mode I-R Mode II-L-R | Mode II-H-R
0.48 0.69-1.31 0.61-0.74 1.26-1.39
0.8 0.78-1.22 0.59-0.75 1.25-1.41
1.12 0.89-1.11 0.57-0.73 1.27-1.43
« Mode I-C Mode II-L-C | Mode II-H-C
0.48 | 0.3-0.55&0.75-1.25&1.45-1.7 0.3-0.64 1.36-1.7
0.8 0.3-0.58&0.73-1.27&1.42-1.7 0.3-1.7 0.3-1.7
1.12 | 0.3-0.61&0.68-1.32&1.39-1.7 0.3-1.7 0.3-1.7
« Mode 1 Mode II-L Mode II-H
0.48 0.75-1.25 0.61-0.64 1.36-1.39
0.8 0.78-1.22 0.59-0.75 1.25-1.41
1.12 0.89-1.11 0.57-0.73 1.27-1.43
5 T T T T
Ly 0 0™ 72) Lyl 90°) B T Ui -108")
o 4H” e-z\lz,hn(gl:_7zo) -% _Z\lz,bl](gl:_goo) -4 _Z\lz.bnwl:'wsD £
= i
s \
Fi
-4
=
@
N
=
£
s
4
0.4 0.6 0.8 ) 1.2 1.4 1.6
Normalized Frequency
(a)
P
<9
=
s
<9
=
=
=
S
Q
<
S
=
g
2 o2 _e_y\ll.hﬂ(0l= -72°) _*_Y\ll.bo(ol:_goo) +Y)ll,ha(0l= -108") 1
- O~ Yynpol?i™ 72 - % Yz~ 90°) -4 “Yazno?= -108)
04— \ \ . P

0.8 1 1.2
Normalized Frequency

(b)

0.4 0.6 1.4 1.6

Fig. 5. (a) Normalized resistance of dual-mode with constant 8,,5=180° and
varied 0371 (b) Normalized conductance of dual-mode with constant 8=1.3
and varied a.

The corresponding phase variations of OMN 1 and OMN
2 versus the normalized frequencies are shown in Fig. 4(c).
For example, when a=0.8 and (5=1.3, the phase of OMN 1
changes from -10.8° to -190.8° with the normalized frequency
changing from 0.3 to 1.7. The phase of OMN 2 changes from
—16.2° to —343.8°. These figures can be utilized to design

TABLE II
NORMALIZED BANDWIDTH OF MODE I AND MODE II FOR DIFFERENT
VALUES OF 61 WHEN 62 = —180°
01 Mode 1 Mode II-L | Mode II-H
—T72° 1.07-1.25 058-0.72 1.26-1.34
—90° 0.78-1.22 | 0.59-0.75 1.25-1.41
—108° | 0.75-0.93 0.6-0.66 1.28-1.42

the proposed DPA.

When o > f, from (14), (16), (20) and (21), we can
see that the bandwidth of Mode I becomes narrower and be
concentrated around f.. When ( is smaller than a certain «,
the bandwidth of Mode II will disappear.

2) Selection of 0, and 65: The bandwidths are also im-
pacted by 61 and 6. To simplify the analysis, @ and ( are
fixed to 0.8 and 1.3, when considering the impact of the
reference phases. The normalized resistance and normalized
conductance with different values of 6; when 6, = —180°
are shown in Fig. 5(a) and Fig. 5(b). Using the same method
mentioned above, the bandwidths for different modes are
calculated in Table II. From Fig. 5(a) and Fig. 5(b), the
lines shape of the impedance becomes asymmetric to f.. The
bandwidths are impacted by this asymmetry, as shown in Table
IL.

From the above results, we can see that the realized bands
can be flexibly configured based on different value of the
parameters of OMNSs. In order to cover a bandwidth as wide
as possible using Mode I and Mode II, symmetrical bandwidth
is required. In this situation, ;1 = —90° and 0,0 = —180°
should be set. In addition, the value of « and [ shall be
determined to facilitate a easy implementation of OMNSs.

C. Back-Off Efficiency Performance

In the conventional symmetric DPA configuration, back-
off matching impedance of 2R,,; for the carrier amplifier
is usually required to achieve high efficiency performance at
6 dB back-off. However, in the proposed DPA, larger than
2R,y back-off matching resistance can occur within the wide
operation bandwidth. For example, when the configuration of
Orr1 = —90°, Op0 = —180°, a = 0.5 and 3 = 1 is used, the
normalized resistances of Mode I and Mode II are shown in
Fig. 3. Within the operation bandwidth, the back-off matching
resistance is close to 2R,,; in Mode I, while it ranges from
2Ropt to 3.045R,,; in Mode II.

To obtain high back-off efficiency in a Doherty PA, the gate
bias of the peaking amplifier is usually configured according
to the back-off resistance value. While the back-off level is
defined by (17), when the back-off matching resistance is
higher than 2R, high efficiency can be obtained over larger
than 6 dB output power range if the gate bias is properly
configured based on the resistance value 3.045R,,; in Mode
IT [23], [24]. However, this may lead to a narrow operation
bandwidth because the back-off resistance value decreases at
other frequencies in Mode II. To achieve a wider bandwidth
for Mode II, the proposed DPA can be over-driven to a certain
extent at back-off [25].
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Fig. 7. Ideal back-off efficiency for Mode I and Mode II versus frequency
when BO; is equal to 6 dB for Mode I and 6.5 dB for Mode II when
Op1 = —90°, Opr0 = —180°, o = 0.5 and B = 1.

Let’s assume the gate bias is set to make the peaking device
turn on at BO, dB back-off. The over-driven level of the
proposed DPA at back-off can be defined as BO, — BO,,.
From (14), (16) and (17), the over-driven level can be easily
calculated. By employing the over-driven current waveform
introduced in [25], [26], we can obtain the back-off efficiency
performance of the proposed DPA. Fig. 6 presents the ideal
back-off efficiency versus frequency for different values of
BO,. in Mode II. Due to the symmetry of the two bands in
Mode II, Fig. 6 only shows the lower band. It can be seen
that both efficiency and bandwidth change with BO,., which
indicates that in practice, BO, and the gate bias value of the
peaking amplifier should be selected based on the performance
trade-off between the bandwidth and back-off efficiency.

In the proposed design, we can set BO,. as 6.5 dB, which
gives the minimum back-off efficiency of 67% in the Mode II
bands. On the other hand, for Mode I, the normalized matching
resistance at back-off is close to 2R, within a wide frequency
range, so BO, = 6 dB can be set. We can obtained the back-
off efficiency performance of the proposed DPA in both Mode
I and Mode II, as shown in Fig. 7. It can be seen that, using
the proposed configuration, the high-efficiency bandwidth can
be obviously extended. The fractional bandwidth with higher
than 67% ideal back-off efficiency is expanded from 70% to
101%.

Normalized
to 2Ropt

Fig. 8. Simulated back-off impedance with power and efficiency contours
when 0M1 = —900, 91»[2 = —1800, a = 0.5 and ,8 =1.

The above analysis shows the ideal back-off efficiency
performance of the proposed dual-mode DPA. However, for
a practical transistor, the efficiency will drop to some extent
at the back-off region. Moreover, the bandwidth analysis in
the previous subsection is based on the power contours, the
back-off efficiency performance within the working bandwidth
might not be clearly obtained. In order to observe the back-
off efficiency performance of the proposed DPA clearly within
the resulting bandwidth, the efficiency contours at the back-
off can be introduced. As an example, in Fig. 8, the de-
embedded back-off efficiency contours of a commercial GaN
transistors from load-pull simulation at 4.5 GHz are used to
observe the efficiency performance of the proposed DPA when
Orr1 = —90°, Op0 = —180°, a = 0.5 and B = 1. It should
be noticed that, the bandwidth defined by the 1.5 dB power
contour in Fig. 8 is almost the same to the 67% ideal efficiency
bandwidth obtained from Fig. 7. From Fig. 8, we can see
that, by employing the back-off impedance within the defined
power contour, the back-off efficiency can be kept higher than
51% PAE, which illustrates that the proposed architecture can
achieve high back-off efficiency.

D. Phase Compensation

From the above analysis we can know, the bandwidth
extension of the DPA can be realized by using the proposed
dual-mode method. However, as shown in (7), the signals of
two branch amplifiers can only be combined properly with
suitable phase compensation networks and then the Doherty
operation can be satisfied. Thus, the phase compensation
network should be designed properly.

Depending how the load modulation network is designed,
the phase compensation network can be simple or becomes
very complex. To simplify the design, in this work, we divide
OMN 2 into two parts: one part is the same as OMN 1 and the
other is an off-set network which can be realized by using a
transmission line. The schematic of this configuration is shown
in Fig. 9, where the OMN 1 is realized by using an equiva-
lent quarter wavelength network (EQWN) with characteristic
impedance of Ry, where 6; = —90°. The OMN 2 includes
two parts: the EQWN and an off-set line, and let the phase of
OMN 2 satisfy the condition of §3 = —180°. By using this
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Fig. 10. Fractional bandwidth under Bode-Fano limitation for different Rop¢
and Cys at 3.5 GHz centre frequency.

design, the phase compensation conditions in (7) can be easily
satisfied.

In Mode I, the phase of the off-set line is —g f. Therefore,
the relationship between 6,1 and 69 in this situation can be

expressed as,
T

Or2 — O :*i'f

which presents the phase need to be compensated. It is obvious
that this phase characteristic can be compensated by another
off-set line setting in front of the input network of CGl as
the phase compensator shown in Fig. 9. In Mode II, equation
(22) is also established, thus the phase can be compensated.
In addition, substituting (22) into (20) and (21) we can obtain
B = a+0.5. With this relationship, it is easy to determine the
specific value of o and f according to the network structure
of OMN 1.

It is worth mentioning that, the above simple structure is just
one example of the proposed dual-mode configurations. With
different o and 3, various distributions of normalized carrier
resistances can be obtained and thus the PA can be designed
to be operated at different frequency ranges. This flexibility
can be used to design different dual-mode DPAs based on the
specific applications.

(22)

E. Practical Bandwidth Limitation Discussion

In subsection II-A and II-B, we assume the parasitic and
package parameters of the active device can be absorbed in the
OMN:s. The absorption may limit the bandwidth of the DPA
because the frequency response of the network depends on

the required R,,; and the capacitance values of the parasitic.
Generally, the fundamental bandwidth limitation of a matching
network is determined by the Bode-Fano limitation. If only the
drain to source capacitor Cy; is the main concern here, for the
matching target with a capacitive load, the following equation
can be obtained based on the Bode-Fano limitation as,

& 1 T
In(—)dw < —
[t <
where we can set R = R, C' = Cys and I' = Iy, indicates
inside of the operation band, while I' = 1 represents outside

of the band. The center frequency is defined as wy/27. The
fractional bandwidth Aw can be described as followed,

(23)

i
WORopths In (1/szn)

Aw < (24)

LetI',,;, = 0.1 and set the center frequency at 3.5 GHz, the
fractional bandwidth versus Cy; can be obtained as shown in
Fig. 10, where we can see that the bandwidth limitation does
not affect the DPA design significantly if R, and Cy, are
sufficiently small. In fact, in most commercial GaN devices,
Rope can vary from tens to a few ohms, while the related
Cys varies from fractional picofarad to a few picofarads.
And in practical design, the realisable fractional bandwidth
for Doherty in each mode is usually not over one octave.
From the Bode-Fano limitation equation (24) and Fig. 10, we
can conclude that the bandwidth of the proposed DPA is not
limited by R, and it is reasonable to absorb Cgys into OMN
design if Cys is small.

It should be noticed that, the above analysis does not
consider the circuits structure of the matching network. To
further verify whether the proposed DPA architecture is still
workable when different values of R,,; and Cy, are used, it
is more practical to consider the impact of designed matching
networks. Two matching examples with different OMNI1 and
OMN? are simulated here. The circuits structure is the same as
that shown in Fig. 9. The impedance ratio of the entire output
network is mainly realized by the post-matching network.
Because high-order matching networks can be used to design
the post-matching network, the bandwidth limitation mainly
arises from the two OMNs. Moreover, because the impedance
ratio of the two OMNS is equal to 1 (from R,,; to R,,;), the
bandwidth is not limited by different values of R,y,. In this
situation, the limitation is mainly from the impact of the value
of Cgqs when a specific value of R, is used.

Two examples of matching for devices with different power
levels are given here to verify the adaptability of the proposed
DPA architecture. R, of 32 and 15 2 and Cy, of 1.22 and 2.6
pF are chosen to model two different active devices with 10
and 25 watts output power, respectively. The target bandwidths
are supposed to cover wider than 40% fractional bandwidth in
Mode I. Following the analysis in subsection II-B, o = 0.7
and = 1.25 are chosen, the related phase variation is from
—40° to —140° for OMNI1, and from —90° to —270° for
OMN?2. A low-pass circuits structure with drain bias line is
used to design the required OMNI1 for both the two devices.
The OMNs are designed in two different frequency bands for
the two devices. The back-off impedance of the related dual
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Fig. 12. Simulated back-off impedance in the proposed two Modes when
Ropt = 15 and Cys = 2.6 pF.

modes are shown in Fig. 11 and Fig. 12 on the Smith chart.
The related reference impedance of the Smith chart is set to
32 and 15 €, respectively. From the results shown in Fig. 11
and Fig. 12, we can see that bandwidth of 1.7 to 4.0 GHz and
1.5 to 3.4 GHz can be achieved for the 32 and 15 Q R,
devices. The simulated dual-mode impedance is close to that
predicted by the theory. The above examples illustrate that the
proposed architecture is applicable to devices with different
Ropt and Cys.

III. DESIGN OF ULTRA WIDEBAND DUAL-MODE DPA

To demonstrate the proposed design, commercial GaN
HEMTs CGH40006s from Wolfspeed were used for the pro-
posed DPA because its good performance when operating at
frequencies higher than 4 GHz. The DPA was fabricated on
31 mil Rogers 5880 substrates with dielectric constant of 2.2.
The drain supply voltage Vpg was set as 28 V. The package
parasitic of the device was de-embedded first. The circuit that
was used to model the parasitic and package is shown in
Fig. 13. Based on the load-pull simulation and S-parameters
of transistor when the device is turned off, the capacitance
and inductance values of 0.8 pF, 0.5 nH, 0.1 pF, 0.1 nH are
estimated over frequencies ranging from 2.0 to 5.0 GHz. The
method of estimation introduced in [27] is used. In addition,

0.5nH
061/154  387/10.78

L. I
I .8 pF I 0.1pF

2.65/8.9
6.3 pF

M1, b

N

62Q

& =22

:  Equivalent parasitic model Width/Length mm

i of package of CGH40006S :

Fig. 13. Circuit of EQWN design.

the knee voltage of the transistor was estimated as 4.5 V and
the maximum drain current was 0.75 A. R,,; was calculated
as 62 Q.

A. Design Parameters Calculation

From the discussion in Section II we can know, the band-
width of the proposed architecture depends on the network
parameters 61, 65, o and S. To achieve ultra-wideband Doherty
operation, 61 and 6> were chosen as —90° and —180° at
the center frequency of 3.6 GHz. To satisfy the equal phase
condition mentioned in section II and achieve wide high
efficiency bandwidth at back-off, « = 0.93 and g = 1.43
were set, covering the frequency band from 2.344 to 4.856
GHz with higher than 67% ideal back-off efficiency. In this
configuration, the range of 6,1 in the target band changes
from —31.58° to —148.4°, and 6,2 changes from —90.17° to
—269.8°. Once these parameters were determined, the OMNs
and the phase compensation network can be designed.

B. Dual-Mode DPA Design

The schematic of the designed dual-mode DPA is shown in
Fig. 14. The design details are given as follows.

Firstly, an EQWN was designed as OMN 1 with the con-
sideration of absorbing the parasitic parameters of transistor.
A T-shape transmission line (TL) structure was utilized, as
shown in Fig. 13. In the proposed design, since the matching
target of EQWN was simple, the specific parameters of the
TLs in EQWN were therefore directly optimized to achieve the
required phase range and the target matching impedance with
the same load value of R,,;. For OMN 2, the same EQWN
circuit was employed with an added TL with characteristic
impedance of R, to tune the phase of OMN 2, as shown in
Fig. 14. Drain bias lines for T1 and T2 were included in both
OMN 1 and OMN 2. All the widths and lengths of the used
TLs are given in Fig. 14.

Fig. 15(a) demonstrates the phase shift of EQWN (OMN 1)
and EQWN plus an off-set line (OMN 2). From Fig. 15(a),
the phase range of OMN 1 in the target band is from —30°
to —156°. For OMN 2 the phase range is from —85° to
—286°. The designed phase ranges of these two networks
are close to what are required. In Fig. 15(b), the simulated
matching impedance of OMN 1 and OMN 2 is shown on
the Smith chart with the load impedance set to R,p:. The
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Fig. 16. Back-off impedance of the designed DPA (a) Mode I (b) Mode II.

reference impedance is also set to R,,. Fig. 15(b) shows that
the matching impedance of the OMN:Ss is close to R, across
2.35 to 4.85 GHz.

Secondly, after designing OMN 1 and OMN 2, a post-
matching network which realizes the matching from 50 (2
to R,p:/2 in the designed frequency band covering the two
modes was designed by using a stepped TL structure. Once
these networks were designed, the back-off impedance of the
carrier branch at back-off region for Mode I and Mode II
can be obtained, the simulated impedance at back-off region
is shown on Smith chart in Fig.16, where we can see that
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Fig. 17. Simulated drain efficiencies and gains of the fabricated DPA versus
output power at different frequencies of (a) Mode I and (b) Mode I1.

the impedances are located close to the region defined by the
output power contours.

Thirdly, because the proposed DPA uses reciprocal gate
biases to set the operations into two different modes, the same
input matching networks (IMNs) were used in both RF chains
to guarantee the DPA operation in Mode I and Mode II. To
compensate for the phase difference between OMN 1 and
OMN 2, a 50 Q transmission line is applied in front of the
IMN of T1. Besides, the circuits of the used power divider
are shown in Fig. 14. EM simulation of the entire DPA was
run in ADS Momentum from Keysight. The Vgg_1 was set
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Fig. 18. Simulated drain efficiencies and gains of the DPA versus output
power at high frequency bands with different bias of Mode II.

to -2.9 V with the quiescent current 70 mA, while Vgg_o
was set to -6 V. It should be noticed that the dimensions of
the circuits have been optimized to a certain degree for better
DPA performance.

Finally, the simulation results of Mode I and Mode II are
shown in the Fig. 17. All simulations in the design procedure
were performed with ADS. Frequency range from 2.85 to 4.25
GHz is achieved for Mode I and 2.3-2.75/4.35-4.9 GHz is
achieved for Mode II. From Fig. 17(a) and Fig. 17(b), we can
see that higher than 40% drain efficiency can be achieved at
6 dB back-off region throughout the entire band.

From the above simulation results, we can see that, in both
modes, Doherty operation can be observed, though at some
frequencies, e.g., in the higher frequency band of Mode II,
the Doherty operation is not obvious. This might be caused
by several factors such as the non-ideal second harmonic
control and mismatch of the fundamental impedance due to the
imperfect parasitic absorbing over wide bandwidth. Moreover,
we targeted to cover a very wide bandwidth in the design, the
gain of the designed DPA can vary at different frequencies.
From Fig. 17(b), we can see that the gain of designed DPA
at high frequency band of Mode II is lower than that in lower
frequency bands, which leads the peaking amplifier is turned
on earlier, and thus decreases the back-off efficiency of the
designed DPA. To resolve this, the gate voltage can be slightly
adjusted. By setting Vgg_2 to -7.3 V, the back-off efficiency
at higher frequency band can be improved as shown in Fig.
18.

C. Different R, Application Simulation

To further verify whether the proposed DPA architecture
is workable under different R,,; conditions, the transistor
CGH 40010F has been selected as the active device for another
simulation example. The design method is the same as that
introduced in the previous two sections. The R, of the
transistor is 32 2. a = 0.7 and 5 = 1.25 are chosen, the related
phase variation is from —40° to —140° for OMNI1, and from
—90° to —270° for OMN2.

The target band is from 1.8 GHz to 4 GHz, and the same
Rogers substrate is employed for the design. The schematic of
OMN 1 and OMN 2 is shown in Fig. 19. The PMN realize the
matching from 50 €2 to 16 2. High-order stepped-TL structure

VDS C
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RFout
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v = 4.51/19.83
o |__]_CBypass & 22
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Fig. 19. Circuits of the OMNs of the dual-mode DPA using Cree 40010F
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Fig. 20. Simulated drain efficiency and gains of the proposed DPA with
CGH 40010 versus output power at different frequencies of (a) Mode I and
(b) Mode II.

is used to design the PMN and IMNs. The simulated drain
efficiency and gains versus output power are shown in Fig. 20,
where we can see that the simulated efficiencies at 6 dB back-
off are from 47.8% to 58.5% with maximum output power of
43 dBm to 44 dBm throughout the entire designed band. This
proves that the proposed design methodology is generic and
it can be applied to various different devices.

IV. EXPERIMENTAL RESULTS

To better present the ultra-wideband performance of the
proposed architecture, especially for 5G new air-interface
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Fig. 21. Photo of the proposed DPA circuit.
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Fig. 22. Measured drain efficiency and gains of the fabricated DPA versus
output power at different frequencies of (a) Mode I and (b) Mode II.

applications, the design with CGH40006s which has higher
operation frequency was fabricated. The photo of the imple-
mented DPA is shown in Fig. 21. To evaluate the performance,
the fabricated PA was measured with both continuous-wave
(CW) and modulated signals. Measurements were performed
in 2.7-4.2 GHz band for Mode I and 2.2-2.7/4.2-4.8 GHz band
for Mode II. In the measurements, the quiescent current of
device T1 was set to 70 mA for Mode I, and the gate bias
voltage of T2 was set to -6.2 V. For Mode II, the gate biases
condition of T1 and T2 was swapped. The CW and modulated
signals were both generated by a vector signal generator, and
the output power was measured using a spectrum analyzer.
To drive the implemented DPA with enough input power, a
broadband linear driver amplifier was employed to amplify
the test signal.

TABLE 111
PERFORMANCE OF THE PROPOSED DPA WITH A 10-CARRIER 200 MHZz
MODULATED SIGNAL WITH 7.7 DB PAPR

ACPR | ACPR | NMSE | NMSE
Center Ave. Ave. wio w/ wio W/
Freq Pout DE/PAE DPD DPD DPD DPD
(GHz) | (dBm) (%) (dBc) (dBc) (dB) (dB)
-17.3/ | -51.5/
2.5 333 46.0/40.8 190 523 -14.0 -43.4
-21.0/ | -50.7/
3.5 33.0 35.7/29.3 228 511 -20.6 -43.1
-29.6/ | -51.5/
4.5 33.0 33.0/27.7 243 512 -19.0 -41.2

A. Measurement Results with CW Signal Excitation

The fabricated DPA was firstly tested using single tone CW
signal to validate the Doherty operation. The measured drain
efficiency and gains of the fabricated DPA with respect to
output power at different bands are shown in Fig. 22(a) for
Mode I, and Fig. 22(b) for Mode II, where we can see that
Doherty operations are achieved in both two modes. There
are some drops in back off efficiency at the higher operation
band in Mode II. This might be caused by the performance
degradation of the transistor in the high frequencies. The over-
driven condition in Mode II also causes efficiency degradation.

To better present the wideband characteristics of the pro-
posed DPA, performance at saturation and back-off was mea-
sured from 2.2 to 4.8 GHz with a frequency step of 0.1 GHz.
Fig. 23 shows the simulated and measured small signal gain
of the proposed DPA versus frequency. The simulated and
measured output power and drain efficiency at saturation and
back-off are presented along with frequency in Fig. 24. From
Fig. 23 and 24, we can see that the measured performance is
in good agreement with the simulation results with a small
frequency offset. In Mode I, the DPA achieves operation
bandwidth of 2.8-4.1 GHz with small signal gain of 8.5-9.6 dB
and maximum output power of 40.4-41.0 dBm. In the Mode
I frequency band, saturated drain efficiency of 52.0-68.0% is
obtained. Meanwhile, at 6 dB output power back-off region,
42.0-49.7% drain efficiency is achieved. In Mode II, the PA
operates as a dual-band DPA with two different frequency
bands of 2.2 to 2.7 GHz and 4.2 to 4.8 GHz. Maximum
output power of 39.2 to 41.0 dBm is achieved with small
signal gain from 7.5 to 11.7 dB in these two bands. In Mode
IT frequency bands, saturated drain efficiency of 50.0-72.0% is
obtained. Meanwhile, at 6 dB output power back-off region,
35.0-48.0% drain efficiency is achieved. It appears that the
agreement between the measurements and simulations is not
very good at some operation frequencies. This might be caused
by the deviation of the fabrication and the inaccuracy of the
transistor model especially for the Class-C operation.

B. Measurement Results with Modulated Signal Excitation

To verify the capability of the proposed DPA under modu-
lated signal stimulation, targeting 5SG wideband applications, a
10-carrier 200 MHz OFDM signal with 7.7 dB PAPR was em-
ployed to test the fabricated DPA. Digital pre-distortion (DPD)
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of the fabricated DPA at different frequencies

was performed in the measurement to check if the proposed
DPA is linearizable with wideband modulated signals. A non-
parametric iterative learning control based DPD method [28]
was adopted, which iteratively adjusts the predistorted signal
to achieve an ideal linear response at PA output.

The fabricated DPA was measured at the designed two
modes, centring at 3.5 GHz for Mode I and 2.5/4.5 GHz for
Mode II. Fig. 25 shows the output spectra of the proposed
DPA at these measured frequencies with and without DPD.
Further details of the performance under modulated signal
excitation are summarized in Table III. From the results, we
can see that, excited with very wide modulated signals, e.g.,
200 MHz OFDM signals, the PA is effectively linearizable
while maintaining high efficiency after DPD. The proposed
DPA achieves average efficiency of 46.0%, 35.7%, 33.0% with
around 33 dBm average output power (7.3 to 8 dB back-
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Fig. 25. Output spectrum of the proposed DPA with and without DPD at (a)
2.5 GHz (b) 3.5 GHz (c) 4.5 GHz

off) at 2.5, 3.5 and 4.5 GHz, respectively. The AM/AM and
AM/PM characteristic of the proposed DPA with and without
DPD at 3.5 GHz is also given here to present more feature
under modulated signal stimulation, as shown in Fig. 26.
As the same as that in CW test, the average efficiencies at
higher frequency bands are lower, which is mainly caused
by the device performance degradation at higher frequencies
and over-driving operation in Mode II. Although the linearity
performance of the fabricated DPA varies in different working
bands, it can be well compensated by DPD. The adjacent
channel power ratio (ACPR) can be improved to be better
than -50 dBc after DPD at all these frequency bands.

C. Performance Comparison

A performance comparison between the proposed DPA and
some recently reported broadband PAs with high back-off
efficiency is summarized in Table IV. 1, and ngqp represent
the drain efficiency at saturation and back-off, respectively. It
can be seen that the proposed DPA exhibits excellent wideband
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Fig. 26. Measured AM/AM and AM/PM curves of the proposed DPA at 3.5
GHz

TABLE IV
PERFORMANCE COMPARISON

Ref Freq Pout Gain Nsat N6dB
(GHz) (dBm) (dB) (%) (%)

(71 1726 446463 102116 5766  47-57
[10] 1728  44-445 132157 5771 50-55
(1] 165275 445463 93117 6077 5266
[16] 1838 4244 7511 4670 3349
(7] 1838 443465 76-108 4262  41-51%*
29] 3036  43-44 811 5566  38-56
(30] 4753 390395 775 5267 29.7-33.1*
31] 1538 423434 811 4263 3355
(321 2237 434456 1 5569 4553

s 2248 392410 75117 5072 350497

* 8 dB back-off efficiency, ** 9 dB back-off efficiency

operation and achieves comparable performance with other
PAs by employing the dual-mode architecture.

It is worth mentioning that, the proposed idea is completely
new and it is very different from what are used in conventional
Dobherty design. Although some trade-offs between two modes
need be considered in the matching network design, the
bandwidth of the proposed DPA is almost doubled by using
the reciprocal gate biases configuration, without increasing
much the complexity of the matching circuits or the design
procedures. The practical operation of the PA is also very
simple. Switching from one mode to the other, only swapping
the supply voltages of the gate biases is required. It provides
a simple alternative solution to the usual complex designs and
it can be attractive for sub-6 GHz 5G applications where a
large range of operation bandwidths are required.

Furthermore, the fabricated PA is for proof of concept only
and its performance can be improved with further optimiza-
tion. The device itself is also not our main concern. The main
contribution of this paper is to present the new architecture
and the related design methodology. The proposed approach
is not constrained by the device used. The same configu-
ration/architecture can be applied to any Doherty designs.

Although the performance and complexity may be different
by using different devices, the proposed idea will still work
in the same way.

V. CONCLUSION

A new configuration of DPA for extending its bandwidth
is presented in this paper. Reciprocal gate biases are used to
switch the DPA between two modes at different frequency
bands. Consequently, the proposed structure can maintain
Doherty operation with high back-off efficiency across a wide
range of frequency bands. With broadband load modulation
and post-matching networks, the designed DPA achieves 6 dB
back-off efficiency of 35.0-49.7% from 2.2 to 4.8 GHz. The
proposed DPA can cover various 5G and LTE frequency bands
and thus it provides a promising solution for 5G in wideband
operations.

ACKNOWLEDGMENT

The authors would like to thank Mr. Declan Lehane for
helping us with the fabrication.

REFERENCES

[11 W. H. Doherty, “A new high efficiency power amplifier for Modulated
Waves,” Proceedings of the Institute of Radio Engineers, vol. 24, no. 9,
pp. 1163-1182, Sep. 1936.

[2] R. Darraji, F. M. Ghannouchi, and O. Hammi, “A dual-input digitally
driven Doherty amplifier architecture for performance enhancement of
Doherty transmitters,” IEEE Trans. Microw. Theory Techn., vol. 59,
no. 5, pp. 1284-1293, May 2011.

[3] C. M. Andersson, D. Gustafsson, J. C. Cahuana, R. Hellberg, and
C. Fager, “A 1-3-GHz digitally controlled dual-RF input power-amplifier
design based on a Doherty-outphasing continuum analysis,” IEEE Trans.
Microw. Theory Techn., vol. 61, no. 10, pp. 3743-3752, Oct. 2013.

[4] W. Chen, S. A. Bassam, X. Li, Y. Liu, K. Rawat, M. Helaoui, F. M.
Ghannouchi, and Z. Feng, “Design and linearization of concurrent dual-
band Doherty power amplifier with frequency-dependent power ranges,”
IEEE Trans. Microw. Theory Techn., vol. 59, no. 10, pp. 2537-2546, Oct.
2011.

[5] D. Gustafsson, C. M. Andersson, and C. Fager, “A modified Doherty
power amplifier with extended bandwidth and reconfigurable efficiency,”
IEEE Trans. Microw. Theory Techn., vol. 61, no. 1, pp. 533-542, Jan.
2013.

[6] V. Camarchia, M. Pirola, R. Quaglia, S. Jee, Y. Cho, and B. Kim, “The
Doherty power amplifier: Review of recent solutions and trends,” IEEE
Trans. Microw. Theory Techn., vol. 63, no. 2, pp. 559-571, Feb. 2015.

[7] J. Pang, S. He, C. Huang, Z. Dai, J. Peng, and F. You, “A post-matching
Doherty power amplifier employing low-order impedance inverters for
Broadband Applications,” IEEE Trans. Microw. Theory Techn., vol. 63,
no. 12, pp. 4061-4071, Dec. 2015.

[8]1 X.Y.Zhou, S.Y. Zheng, W. S. Chan, X. Fang, and D. Ho, “Postmatching
Doherty power amplifier with extended back-off range based on self-
generated harmonic injection,” IEEE Trans. Microw. Theory Techn.,
vol. 66, no. 4, pp. 1951-1963, Apr. 2018.

[9] J. Pang, S. He, Z. Dai, C. Huang, J. Peng, and F. You, “Design of
a post-matching asymmetric Doherty power amplifier for broadband
applications,” IEEE Microw. Wirel. Compon. Lett., vol. 26, no. 1, pp.
52-54, Jan. 2016.

[10] J. Xia, M. Yang, Y. Guo, and A. Zhu, “A broadband high-efficiency

Doherty power amplifier with integrated compensating reactance,” I[EEE

Trans. Microw. Theory Techn., vol. 64, no. 7, pp. 2014-2024, Jul. 2016.

X. Chen, W. Chen, F. M. Ghannouchi, Z. Feng, and Y. Liu, “A broadband

Doherty power amplifier based on continuous-mode technology,” IEEE

Trans. Microw. Theory Techn., vol. 64, no. 12, pp. 4505-4517, Dec.

2016.

[12] W. Shi, S. He, X. Zhu, B. Song, Z. Zhu, G. Naah, and M. Zhang,
“Broadband continuous-mode Doherty power amplifiers with noninfinity
peaking impedance,” IEEE Trans. Microw. Theory Techn., vol. 66, no. 2,
pp. 1034-1046, Feb. 2018.

(11]



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. XX, NO. X, XXXX 201X 14

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

(271

(28]

[29]

[30]

[31]

(32]

Huawei Technologies, “5G spectrum-Huawei,” 2017. [Online].
Available:  https://www-file.huawei.com/-/media/CORPORATE/PDF/
public-policy/public_policy_position_5g_spectrum.pdf

Qualcomm Technologies, “Spectrum for 4G and 5G,” 2017.
[Online]. Available: https://www.qualcomm.com/media/documents/files/
spectrum-for-4g-and-5g.pdf

I. Kim, J. Moon, S. Jee, and B. Kim, “Optimized Design of a highly
efficient three-stage Doherty PA using gate adaptation,” IEEE Trans.
Microw. Theory Techn., vol. 58, no. 10, pp. 2562-2574, Oct. 2010.

P. H. Pednekar, E. Berry, and T. W. Barton, “RF-input load modulated
balanced amplifier with octave bandwidth,” IEEE Trans. Microw. Theory
Techn., vol. 65, no. 12, pp. 5181-5191, Dec. 2017.

P. Saad, R. Hou, R. Hellberg, and B. Berglund, “A 1.8-3.8-GHz power
amplifier With 40% efficiency at 8-dB power back-oft,” IEEE Trans.
Microw. Theory Techn., vol. 66, no. 11, pp. 4870—-4882, Nov. 2018.

S. C. Cripps, “A theory for the prediction of GaAs FET load-pull power
contours,” in [EEE MTT-S International Microwave Symposium Digest,
May 1983, pp. 221-223.

J. C. Pedro, L. C. Nunes, and P. M. Cabral, “A simple method to estimate
the output power and efficiency load—pull contours of class-B power
amplifiers,” IEEE Trans. Microw. Theory Techn., vol. 63, no. 4, pp.
1239-1249, Apr. 2015.

S. C. Cripps, “RF power amplifiers for wireless communications,” /[EEE
Microw. Mag., vol. 1, no. 1, pp. 64—64, Mar. 2000.

H. Kang, H. Lee, W. Lee, H. Oh, W. Lim, H. Koo, C. Park, K. C. Hwang,
K. Lee, and Y. Yang, “Octave bandwidth Doherty power amplifier using
multiple resonance circuit for the peaking amplifier,” IEEE Transactions
on Circuits and Systems I: Regular Papers, pp. 1-11, 2018.

R. Giofr, L. Piazzon, P. Colantonio, and F. Giannini, “A closed-form
design technique for ultra-wideband Doherty power amplifiers,” IEEE
Trans. Microw. Theory Techn., vol. 62, no. 12, pp. 3414-3424, dec 2014.
X. H. Fang and K. M. Cheng, “Extension of high-efficiency range
of Doherty amplifier by using complex combining load,” IEEE Trans.
Microw. Theory Techn., vol. 62, no. 9, pp. 2038-2047, Sep. 2014.

X. Fang, H. Liu, and K. M. Cheng, “Extended efficiency range,
equal-cell Doherty amplifier design using explicit circuit model,” IEEE
Microw. Wirel. Compon. Lett., vol. 27, no. 5, pp. 497-499, May 2017.
W. Shi, S. He, F. You, H. Xie, G. Naah, Q. Liu, and Q. Li, “The influence
of the output impedances of peaking power amplifier on broadband
Doherty amplifiers,” IEEE Trans. Microw. Theory Techn., vol. 65, no. 8,
pp- 3002-3013, Aug. 2017.

J. Moon, S. Jee, J. Kim, J. Kim, and B. Kim, “Behaviors of Class-F
and Class-F~1 amplifiers,” IEEE Trans. Microw. Theory Techn., vol. 60,
no. 6, pp. 1937-1951, Jun. 2012.

C. Huang, S. He, and F. You, “Design of broadband modified class-J
Doherty power amplifier with specific second harmonic terminations,”
IEEE Access, vol. 6, pp. 2531-2540, 2018.

J. Chani-Cahuana, P. N. Landin, C. Fager, and T. Eriksson, “Iterative
learning control for RF power amplifier linearization,” IEEE Trans.
Microw. Theory Techn., vol. 64, no. 9, pp. 2778-2789, Sep. 2016.

J. M. Rubio, J. Fang, V. Camarchia, R. Quaglia, M. Pirola, and
G. Ghione, “3-3.6-GHz wideband GaN Doherty power amplifier exploit-
ing output compensation stages,” IEEE Trans. Microw. Theory Techn.,
vol. 60, no. 8, pp. 2543-2548, Aug. 2012.

X. Fang, A. Chung, and S. Boumaiza, “Linearity-enhanced Doherty
power amplifier using output combining network with predefined AM-
PM characteristics,” IEEE Trans. Microw. Theory Techn., pp. 1-10, 2018.
J. J. M. Rubio, V. Camarchia, M. Pirola, and R. Quaglia, “Design of
an 87% fractional bandwidth Doherty power amplifier supported by a
simplified bandwidth estimation method,” IEEE Trans. Microw. Theory
Techn., vol. 66, no. 3, pp. 1319-1327, Mar. 2018.

F. Meng, X. Zhu, J. Xia, and C. Yu, “A new approach to design a broad-
band Doherty power amplifier via dual-transformation real frequency
technique,” IEEE Access, vol. 6, pp. 48 588-48 599, 2018.

Meng Li (S’14) received the B.S. degree in Electro-
magnetic Field and Radio Technology and M.S. de-
gree in Electromagnetic Field and Microwave Tech-
nology from University of Electronic Science and
Technology of China (UESTC), Chengdu, China, in
2012 and 2015, respectively, and is currently work-
ing towards the Ph.D degree at University College
Dublin (UCD), Dublin, Ireland.

She is currently with the RF and Microwave
Research Group, UCD. Her research interests mainly
focus on broadband high-efficiency power amplifiers

and MMIC power amplifier design for RF/microwave and millimeter-wave
applications.

Jingzhou Pang (S’13-M’16) received the B.S. de-
gree in electrical engineering and Ph. D. degree
in circuits and systems from University of Elec-
tronic Science and Technology of China (UESTC),
Chengdu, China, in 2010 and 2016, respectively.
In December 2016, he joined Huawei Technologies
Company Ltd., where he was a senior engineer
in charge of the research and development of 5G
high efficiency power amplifiers and transmitters. He
is currently with the RF and Microwave Research
Group at University College Dublin (UCD) as a

postdoc research fellow. His research interests include broadband high-
efficiency power amplifier systems, bandwidth extension techniques for high-
efficiency transmitters and MMIC power amplifier design for RF/microwave
and millimeter-wave applications.

Jingzhou Pang is a recipient of the EDGE Marie Sklodowska-Curie
Individual Fellowship.

Yue Li (S’17) received the B.E. degree in informa-
tion engineering from Southeast University, Nanjing,
China, in 2016. He is currently working towards the
Ph.D. degree at University College Dublin, Dublin,
Ireland.

He is currently with the RF and Microwave Re-
search Group, UCD. His current research interests
include behavioral modeling and digital predistortion
for RF power amplifiers.



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. XX, NO. X, XXXX 201X

Anding Zhu (S’00-M’04-SM’12) received the Ph.D.
degree in electronic engineering from University
College Dublin (UCD), Dublin, Ireland, in 2004.
He is currently a Professor with the School of
Electrical and Electronic Engineering, UCD. His
research interests include high-frequency nonlinear
system modeling and device characterization tech-
niques with a particular emphasis on behavioral
modeling and linearization of RF power amplifiers
for wireless communications. He also has interests
in high efficiency power amplifier design, wireless
transmitter architectures, digital signal processing and nonlinear system iden-
tification algorithms. He has published more than 100 peer-reviewed journal
and conference papers.

Professor Zhu served as the Secretary of IEEE Microwave Theory and
Techniques Society (MTT-S) Administrative Committee (ADCOM) in 2018.
He is currently an elected member of MTT-S ADCOM and vice chair of both
Publications Committee and Electronic Information Committee. He was the
General Chair of the 2018 IEEE MTT-S International Microwave Workshop
Series on 5G Hardware and System Technologies IMWS-5G) and Gust Editor
of IEEE Transactions on Microwave Theory and Techniques on 5G Hardware
and System Technologies. He is an Associate Editor of the IEEE Microwave
Magazine and an Editorial Board member of IEEE Future Networks Tech
Focus.




