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Multi-Band Dual-Mode Doherty Power Amplifier
Employing Phase Periodic Matching Network and
Reciprocal Gate Bias for 5G Applications

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

Abstract—This paper presents a novel method to design the
multi-band Doherty power amplifier (DPA). It is illustrated
that phase periodic matching networks (PPMNs) can be used
as multi-band impedance inverters, off-set elements and phase
compensators to realize multi-band DPAs. Moreover, the num-
ber of Doherty operation bands can be further increased by
employing the reciprocal gate biases. A 6-band dual-mode DPA
with 1.8-2.2/3.9-4.3 GHz operation bands in Mode I and 1.52-
1.72/2.38-2.53/3.67-3.82/4.53-4.68 GHz operation bands in Mode
I using commercial GaN transistors is designed and implemented
to validate the proposed method. The fabricated DPA achieves
8.7-13.5 dB gain and 39.6-41.5 dBm peak output power at
all the designed bands. Drain efficiency of 49.2%-54.5% and
42.2%-56.7% is measured at 6 dB output back-off in Mode
I and Mode II, respectively. When stimulated by a 5-carrier
100 MHz OFDM signal with 7.7 dB peak to average power
ratio (PAPR), adjacent channel power ratio (ACPR) of better
than -48.9 dBc can be obtained by the proposed DPA after
digital predistortion with 35.5%-50.1% average drain efficiency
at 1.65/1.95/2.45/3.75/4.1/4.6 GHz, respectively.

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

I. INTRODUCTION

HE rapid development of modern wireless communica-

tion systems has been accompanied by a burst of new
standards and frequency bands, which creates strong demand
for multi-mode/multi-band wireless transceivers. In the forth-
coming next generation wireless communication system, i.e.,
5G, this demand becomes even intenser since not only the ex-
isting 4G bands must be covered but also many new frequency
bands, e.g., Band N77 from 3.3 GHz to 4.2 GHz and Band
N79 from 4.4 GHz to 5.0 GHz, are added [1], [2]. Moreover,
in some new applications, such as unmanned aerial vehicles
(UAV) mounted moving base-stations, it is more important
to support multi-band/multi-standards functions, because the
operation bands of these base-stations are required to be
reconfigurable based on the specific locations [3].
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As one of the most power consuming elements in wireless
transmitters, power amplifier (PA) faces significant challenges
in multi-band operation. To accommodate high peak to average
power ratio (PAPR) signals and maintain high average power
efficiency, Doherty power amplifier (DPA) has become one of
the most widely used PAs in wireless base stations due to its
low complexity and high reliability [4]-[20]. In recent years,
many efforts have been made to expand the frequency band
coverage of DPAs. By introducing techniques such as contin-
uous mode impedance [13]-[15], post-matching architecture
[16]-[19], integrated compensating reactance [20], [21] and
complex combing loads [22]-[24], bandwidth of DPAs has
been greatly extended. However, when the required operation
bands are separated by more than one octave, it is still difficult
to cover them with Doherty operation [25], [26]. Possible
solutions are to employ dual/multi-band or reconfigurable
structures which could not cover the whole frequency band.

By introducing techniques such as frequency-dependent
design [5], [7], direct-matching transformer [6] and multi-band
coupled networks [8], dual/multi band Doherty operation can
be successfully achieved. Besides, multi-band Doherty opera-
tion can be also achieved by employing electronically tunable
load modulation networks [10], [11]. Despite the Doherty
function can be implemented over a wide frequency band, the
reported dual/multi band [4]-[8] or reconfigurable [10], [11]
DPAs suffer from narrow band feature in each operation band,
affecting their applications in wideband scenarios. Particularly,
in [12], the periodicity of transmission lines is used to realize
multi-band DPAs. Although tri-band and quad-band DPAs
are realized using multi-section transmission line structure,
the operating frequency they achieved cannot theoretically be
continuously adjusted. Moreover, the bandwidth achieved in
[12] is also very narrow just as the other reported multi-band
DPAs. In 5G, these conventional design methods are difficult
to apply because the signal bandwidth will continue increase,
e.g., the signal bandwidth in sub-6 GHz will be up to 200
MHz [1], [2]. Therefore, it is very attractive to explore new
bandwidth extension techniques for DPAs, that can combine
the conventional wideband, multi-band and reconfigurable
design methods.

In this paper, a novel method for designing multi-band
DPAs is proposed. It is illustrated that broadband matching
networks with phase periodicity can be used to design the
impedance inverters, off-set elements and phase compensators
in DPAs, thus multi-band Doherty operation can be achieved
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due to the phase periodicity. It is also presented that, by
transferring the functional elements in wideband DPAs to
the phase periodic matching networks, multi-band DPAs with
wide bandwidth in each band can be realized. On the basis
of this, reciprocal gate biases are then introduced to further
increase the number of operation bands by employing the dual-
mode operation. A circuit topology employing lumped and
distributed hybrid parameters and the corresponding parameter
optimization method are proposed to realize the required
phase periodic matching networks with flexible target bands.
Compared with other reported multi-band DPAs, the proposed
architecture provides wider bandwidth in each operation band.
Furthermore, the proposed DPA can achieve operation bands
distributed over multiple octaves which are very difficult for
broadband DPAs to achieve. A multi-band DPA is designed
and fabricated using the proposed architecture with 6 operation
bands.

The rest of the paper is organized as follows. First, the
theory of the proposed multi-band DPA is demonstrated in
section II. The characteristic of employing the phase periodic
matching networks in multi-band DPAs is discussed along
with the analysis of the reciprocal gate bias configuration.
In section III, the circuits architecture and design method
to realize the related phase periodic matching networks are
developed. Based on the theory and PPMN design method, the
design strategy of realizing the proposed DPA with commer-
cial GaN devices in section IV. Finally, measurement results
of the fabricated DPA is presented in section V to validate
the effectiveness of the proposed architecture along with a
conclusion presented in section V.

II. PROPOSED MULTI-BAND DPA

Doherty power amplifier improves back-off efficiency by
combining two amplifiers, a carrier amplifier biased at class-
AB and a peaking amplifier biased at class-C, via load modula-
tion. In conventional DPAs, a quarter wavelength transmission
line (TL) is usually employed in the carrier branch as the
impedance inverter to achieve proper load modulation, as
shown in Fig. 1. Normally, the Doherty operation can be
achieved at a operation frequency f. where the electrical
length of the employed TL is 90°. In fact, because the TL
is inherently a frequency periodic structure, namely, the phase
shift of the signal periodically changes with the operation fre-
quency when passing through the TL, this leads that the back-
off carrier matching impedance periodically repeats along mul-
tiple frequencies, as illustrated in Fig. 2. The impedance value
shown in Fig. 2 is normalized to the characteristic impedance
of the employed TL inverter. Generally, if the equal-phase
combining is established and the impedance condition at
saturation for the Doherty operation is satisfied, the bandwidth
of the DPA is mainly determined by the back-off impedance.
In this case, if the phase periodicity of the impedance inverter
is utilized, the DPA can thus be operated at multiple bands.
From Fig. 2, we can see that Doherty operation can be
achieved when the operation frequency f = f¢,3fc,5fcy s
where f. is the center frequency of the lowest band that the
DPA is designed for.

Fig. 1. The block diagram of the symmetrical DPA using only one TL as the
impedance inverter.
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Fig. 2. Simulated carrier resistance and reactance at back-off region of the
original DPA.

A multi-band DPA employing this phase periodicity char-
acteristic has been introduced in [12], however, the frequency
spacing of the operation bands for this kind of DPA has a fixed
relationship and cannot be arbitrarily configured. Besides, each
operation band of the designed DPA in [12] is also narrow,
which is the same as that of many other reported multi-band
DPAs. To solve the fixed frequency problem and to extend
bandwidth, a new multi-band DPA is introduced in this work.

A. Multi-band DPA Using Phase Periodic Matching Networks

To solve the fixed frequency problem of the above men-
tioned DPA, a new network is introduced here to replace the
quarter wavelength TL as the impedance inverter as shown
in Fig. 3. The load of the DPA Zj is set to R,y /2 in this
configuration, where R,y is the optimal impedance of the
carrier and peaking current generators (CGs). The introduced
impedance inverter is a two port network and assume it is
marched to Zr at each port in a desired frequency band. The
ABCD matrix of this network will have the similar expression
as that of TLs with characteristic impedance of Zr in this
band, which can be expressed as,

[ App  Bpp } - [ cos Oy,
Cpp  Dpp J(sinbpy)/Zr

where Z7 can be set as R,p;. 0, is the phase shift of the
network and it can be defined as,

JZr sin by,
cos O,

)

epp:_g'(l_a)_a‘g‘fo )

where « is the slope of the phase shift and fj is the normalized
frequency, fo = f/f. where f, is still the center frequency of
the lowest band when 6,, = —7/2.
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Fig. 3. The block diagram of the symmetrical DPA using using PPMN as
impedance inverter.
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Fig. 4. Simulated carrier resistance at back-off region of the DPA using
PPMN as impedance inverter for different values of o.

Based on the analysis introduced in [27] and [28], the carrier
back-off impedance can be easily calculated as,

1+ j2tan6,,
2+ jtanf,,

Equation (3) indicates that the bandwidth of DPAs using the
proposed impedance inverter has the similar phase periodicity
to the DPA using a quarter wavelength transmission line. We
refer this kind of networks as the phase periodic matching
networks (PPMN) in this article.

The difference from that using TL impedance inverter is
that the frequency spacing between the bands can be arbitrarily
configured. Fig. 4 presents the normalized carrier resistance at
back-off region of the DPA using PPMN as impedance inverter
for different values of «. It can be seen that, the operation
frequency of this DPA will change as o changes. Therefore, a
multi-band DPA can be designed with different band locations
using a selected a. The detailed design procedure of the
required PPMN will be discussed in Section III.

The above mentioned structure shown in Fig. 3 still has
relatively narrow bandwidth in each target band, limiting its
application in 5G systems where wide signal bandwidths are
usually required. Therefore, it is important to design multi-
band DPAs with wider bandwidth in each band. One of the
effective ways to extend the bandwidth of DPA is to introduce
a half wavelength TL in the peaking branch as an off-set line
[29]. In this work, we generalize this bandwidth extension
idea by using the proposed PPMN to replace the half wave-
length off-set TL. In the new structure shown in Fig. 5, two
PPMNs are introduced, where PPMN_C replaces the quarter
wavelength TL as the impedance inverter while PPMN_P acts
as a half wavelength TL to extend the bandwidth of the DPA.
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Fig. 5.
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wideband DPA using PPMNs as impedance inverter and offset
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Fig. 6. Simulated resistance at back-off region of wideband DPA using
PPMNs as impedance inverter and peaking off-set element for different values
of a.

In this configuration, the carrier back-off impedance can be
calculated as,

1 — tanb,p tanby,, , + j2tanbpy
2 + jtanbpp c + jtanbpp

Zcpo = 21T 4)

To provide the desired wideband performance, the phase
characteristic of PPMN_C and PPMN_P must satisfy the sim-
ilar relationship between the quarter and half wavelength TLs.
In this case, we can simply set 0, . = 0, and 0, , = 20,,,,.
The value of 0, is defined by (2) and it changes with o.
When the value of a changes, the operation frequency of this
kind of multi-band DPA will also change. Fig. 6 presents the
simulated resistance at back-off region of wideband DPA using
PPMNs as impedance inverter and peaking off-set element for
different values of «. It can be seen that the bandwidth of each
band has been significantly extended in this situation.

From Fig. 6 we can also see that, the bandwidth in each
band will decrease as the value of a increases. Assuming
the defined bandwidth in each band is calculated within the
frequency range where the normalized resistance is larger
than 2, the relationship between the bandwidth and « can
be obtained. The fractional bandwidth versus the different
value of « is shown in Fig. 7, where we can see that,
although the fractional bandwidth decreases as « increases,
the decreasing trend is gradually reduced. When « increases
to 5, the fractional bandwidth is still 13.3%. Meanwhile, the
ratio between the center frequencies of the second and first
band f2/f; decreases to only 1.4. In order to explain the
bandwidth characteristics more clearly, we take f; = 1.8 GHz
as an example. At this situation, when o = 5, fo = 2.52 GHz
and the bandwidth in each band is 240 MHz, which is still
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Fig. 8. Block diagram of the proposed dual-mode multi-band DPA.

wider than the required signal bandwidth for 5G applications
at sub-6 GHz. In Fig. 7, the ratio between f» and f; versus
the value of « is also given as reference.

B. Increase Band Number Using Reciprocal Gate Bias Dual-
Mode Configuration

The above proposed DPA provides a multi-band scheme, but
the total bandwidth is still limited. In 5G applications, a large
number of frequency bands need be supported. In [28], we
presented a design method of dual-mode DPA using reciprocal
gate biases, which can extend the bandwidth or increase the
bands number without changing the load modulation network.
To further increase the bandwidth of the proposed DPA, the
same reciprocal gate biases approach can be employed to oper-
ate the DPA in two different modes to support a large number
of bands. Fig. 8 shows the block diagram of the proposed
dual-mode multi-band DPA. The load modulation network of
this DPA is the same as the wideband DPA introduced in
the previous subsection. Meanwhile, two different DPA modes
are set by swapping the gate biases of CGl and CG2. In
Mode I, CGI1 is biased with Vgpies1 at class-AB mode as
the carrier active device while the CG2 is biased with Vizpias2
at class-C mode as the peaking active device. In Mode II, the
matching networks are the same, but the gate biases of CG1
and CG2 are swapped and thus the carrier and peaking active
devices are exchanged, namely, CG1 becomes peaking and

3.2
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2.4+
2.0+
1.6+
1.2+
0.8
0.4

Normalized Resistance 3

Mode |
——

Mode I1

A N A /A
00 04 08 12 16 20 24 28 32

Normalized Frequency

Fig. 9. Simulated carrier resistance at back-off region of proposed dual mode
DPA employing PPMNs when o = 1.5.
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Fig. 10. System architecture of the proposed multi-band DPA.

CG2 becomes carrier. In this situation, the condition of equal-
phase combining at saturation is the same as the wideband
DPA mentioned above, which means the impedance condition
can be satisfied in the same way. For Mode 1, the carrier back-
off impedance can be still expressed as,

1 — tanbpprtantppe + j2tanbpp
Zr

(&)

VA -
mbo 2 4 jtanbOpp1 + jtanbpps

where 0,,1 and 60,,, are the phase shift of PPMNI
and PPMN2, respectively. Similarly, the carrier back-off
impedance for Mode II can be calculated as,

1 — tanbpprtantppe + j2tanbpp:
= ZT

(6)

Zmz,bo 2 4 jtanbOpp1 + jtanbpps
From (5) and (6), the carrier back-off impedance for Mode
I and Mode II can be presented in Fig. 9. For Mode I, the
Doherty operation is the same as that mentioned in the pre-
vious subsection. For Mode II, the carrier back-off resistance
presents similar characteristic as introduced in [28]. Compared
with Mode I, the number of bands is doubled in Mode II.

C. System Architecture of Proposed Multi-Band DPA

Moving to real implementation, the theoretical block dia-
gram of the proposed DPA shown in Fig. 8 can be converted
into the system architecture shown in Fig. 10. To reduce
design complexity, the half-wavelength PPMN2 in the peaking
branch is divided into two quarter-wavelength PPMNs, which
can be the same as the PPMNI1 in the carrier branch. Since
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Fig. 11. Proposed PPMN circuits architecture.

the phase shift of PPMNI is 6,,, two cascaded PPMNs
automatically achieve a phase shift of 26,, in the peaking
branch. Furthermore, as mentioned early, the equal-phase
combining condition is required at saturation. Because the
PPMNs have the similar characteristics to the TLs, the equal-
phase combining condition can be described by using the
current relationship between the CG1 and CG2 as,

Il,sat = IZ,sat : e](9pp1—9pp2) = IQ,sat : e—]9pp (7)

which means that another PPMN with the phase shift of 6,
is required to be added in the input of CG1 to compensate the
phase difference generated by the two PPMNs in the output of
CG2. In summary, for the system architecture shown in Fig.
10, four PPMNs are used to achieve the proposed multi-band
Doherty operation. Three of them are with the same matching
impedance of R,,: and phase shift of 6,,. They are employed
to build the proposed multi-band load modulation network.
Meanwhile, another PPMN with the same phase shift and
matching impedance of 50 €2 is used as the phase compensator.
Two input matching networks (IMNs) with same structure
should be employed to provide wideband gain ability in both
Mode I and Mode II. A broadband power divider is required
to separate the input power in the target bands. Meanwhile,
post-matching network will be employed to transfer the 50 (2
load to R,y /2. Two DPA modes can be achieved by swapping
the gate biases of CG1 and CG2 without changing the circuits.
It should be noticed that, a 3 dB power divider is employed at
the input of the proposed architecture to ensure the dual-mode
operation. This configuration might reduce the linearity of the
proposed DPA to some extent [30], [31].

III. CIRCUIT ARCHITECTURE AND DESIGN EXAMPLES OF
PPMN

The most important part for realizing the proposed multi-
band DPA is the design of the PPMNs. From Fig. 10, we
can see that all four PPMNs can be implemented by using
the same circuit architecture. As discussed in Section II, the
PPMN should be tunable according to the operation bands
requirement, namely, by changing the value of «, specific
operation bandwidths of the DPA should be obtained. It is,
therefore, very important to find a proper circuit architecture
for the PPMN so that it can meet different bandwidth require-
ments by changing the value of a.

A circuits topology including both lumped and distributed
components is proposed here to realize the PPMN, as shown
in Fig. 11. This architecture includes an equivalent trans-
former and a phase adjustment TL. The equivalent transformer

fI f\
—(f -+ ) ——
2a 2a

Target Bandwidth

z
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= | 5
— =
N
(9] [¢]
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i 9 P 6 i H
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L0 e T T \Q‘f\ I T T \a'\\ 0.0

f1 f2
Frequency

Fig. 12. Desired magnitude of S2; of the PPMN.

provides a larger phase slope compared that with TLs and
achieve part of the impedance matching function in the target
frequency range that covers all the operation bands in both
Mode I and Mode II. Because the required PPMN needs
to achieve phase value at specific frequencies, a TL with
characteristic impedance close to IR, is added after the
equivalent transformer to adjust the phase value of the entire
PPMN.

A. Theoretical Analysis

The ABCD matrix of the proposed PPMN can be calculated
using the corresponding matrices of each element shown in
Fig. 11 as,

AppMmN = Acou AL, Ac, AL, AL, Ac,, AT (8)

where the corresponding matrices can be expressed as,

1 0
Ac, = {ij’p 1 } ©)

Ar, = [ , ek } (10)
A= | oy 1] v
A= smanyza o]0
Let’s assume Appnn has the expression of
AppMmN = [ éi gi } (13)

Therefore, the forward transmission coefficient S5, of the
PPMN can be calculated as,

2Ropt
APRopt + BP + CPRgpt + DPRopt

For the PPMN, the magnitude and phase of S%, should
satisfy the specific conditions based on the impedance require-
ments of the proposed DPA operation. However, it is difficult
to obtain an analytical solution of the required PPMN directly
from (14). To obtain the required element values, parameter
optimization method is adopted. The optimal goal function
should be decided based on the characteristics of the PPMN.

P = (14)
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TABLE I
OPTIMIZED PPMN CIRCUITS PARAMETERS FOR DIFFERENT VALUES OF
o WHEN Ropt = 62 Q AND f1 =2 GHz

e Cout | Cp1 | Cp2 | Ls1 | Ls2 | Lp Zy 04
N/A pF pF pF nH nH nH Q °
1.25 0.8 127 | 045 | 1.65 | 1.44 | 559 | 519 | 54.1

1.5 0.8 1.51 | 057 | 1.91 1.77 | 475 | 543 | 53.7
1.75 0.87 197 | 0.81 | 2.03 | 195 | 334 | 565 | 47.6

2 1.07 271 | 099 | 1.97 | 1.89 | 2.19 | 553 | 448

For the PPMN shown in Fig. 11, the magnitude of S5, needs to
be as close to 1 as possible to provide the required impedance
value R,,; within the target bandwidth which includes all the
operation bands in both Mode I and Mode II, as illustrated in
Fig. 12. In addition, the slope of S%; phase o must be within
the same target bandwidth to guarantee the proposed multi-
band Doherty operation. At the same time, the phase value of
SP, at one selected frequency should be set as a reference,
thus the entire S5, phase characteristics can be determined.
Therefore, the optimal goals to obtain the element values can
be written as,

fi

20

Sl = L=y < f<fat

L85 = —m, f=(f1+ f2)/2 (15)
/Sy, 1 fi
i —afi-gosf< ot oo

The condition (15) describes the optimal goals of the
proposed PPMN when there are two target bands in Mode
I and four target bands in Mode II. f; and f> are the
center frequencies of the two bands in Mode I, (f; — g—;,
fo + 5%) is the target bandwidth of the proposed PPMN
which is defined based on the edge frequency of Mode II
when Z,,,2 po = 2R,p:. Based on equation (2), the relationship
between f1 and fo can be expressed as fo = fi(a + 2)/a.
Besides, the reference phase of the PPMN is set to —7 at
(f1 + f2)/2 and the reference frequency to measure 6y is
set to 1.5f7. Based on the above analysis, we can design the
proposed PPMNSs.

B. Optimization Examples

Some examples of the proposed PPMN in different condi-
tions are given in this subsection to illustrate the practicality of
the design. Table I shows the optimization results for different
values of & when R, = 62 {2 and f; =2 GHz. This example
is optimized for the case that uses a 6 Watts commercial GaN
device. Considering the drain to source capacitor of the device
Cys is usually absorbed into the PPMN, the value of C,; is set
to a range that is close to Cy in a practical device during the
optimization process. It is worth mentioning that the proposed
PPMN is equivalent to a normal TL when o = 1 while the
target bandwidth can reach one octave when o > 2.

Table I presents the element values when « is between
1 to 2, and the magnitude and phase of S%, verse different
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Fig. 13. Simulated magnitude of S2; of the proposed PPMN for different
values of o when Ropt = 62 €2 and f; = 2 GHz.
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Fig. 14. Simulated phase of S21 of the proposed PPMN for different values
of o when Ropt = 62 Q and f1 = 2 GHz.

TABLE 11
OPTIMIZED PPMN CIRCUITS PARAMETERS FOR DIFFERENT VALUES OF
o WHEN Ropt =32 Q2 AND f1 = 1.5 GHz

e Cout | Cp1 | Cp2 | Ls1 | Ls2 | Lp Zy 04
N/A pF pF pF nH nH nH Q °
1.25 1.28 258 | 1.44 | 139 | 1.25 | 7.86 | 30.2 | 51.6
1.5 1.89 394 | 1.81 1.38 | 1.34 | 341 | 30.0 | 459
1.75 2.34 5.37 | 2.19 1.37 1.32 | 2.13 | 29.1 | 45.7

2 2.76 7.00 | 256 | 1.36 | 1.30 | 1.50 | 28.5 | 44.8

values of « are presented in Fig. 13 and Fig. 14, respectively,
where we can see that, when « increases, the total optimization
bandwidth becomes slightly narrower, while the phase of the
PPMN at f; and f, is close to the required value —m/2
or w/2. This phase characteristic guarantees the proposed
Doherty operation. When « increases from 1.25 to 2, fs
changes from 5.2 GHz to 4.0 GHz. The results shown in
Fig. 13 and Fig. 14 prove that the proposed PPMN topology
and optimization method can successfully obtain the required
network characteristic and the spacing between f; and f> can
be easily adjusted.

To further verify whether the proposed PPMN architecture
and its optimization method are workable under different
Rop¢ conditions and at different frequency ranges, circuits
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TABLE III
OPTIMIZED PPMN CIRCUITS PARAMETERS FOR DIFFERENT VALUES OF
o WHEN Ropt = 16 2 AND f1 = 1.5 GHz

[0 Cout Cpl Cp2 L1 Ls2 Lp Ztl etl
N/A pF pF pF nH nH nH Q °
1.25 2.66 4.64 2.11 | 074 | 0.72 | 432 | 156 | 53.1
1.5 3.00 7.26 394 | 074 | 0.70 | 1.88 | 15.7 | 47.3
1.75 | 4.67 10.77 | 448 | 0.69 | 0.68 | 1.07 15 44.1

2 544 13.85 | 524 | 0.69 | 0.67 | 0.77 15 423
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Fig. 15. Simulated magnitude of S2; of the proposed PPMN for different
values of o when Ropt =32 Q and f; = 1.5 GHz.
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Fig. 16. Simulated phase of S21 of the proposed PPMN for different values
of o when Ropt =32 Q and f1 = 1.5 GHz.
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Fig. 17. Schematic of the proposed PPMN.

TABLE IV
OPTIMIZED PPMN CIRCUITS PARAMETERS FOR THE PROPOSED DESIGN

o Cout Cpl Cp2

N/A pF pF pF nH nH nH

Ls1 | Ls2 | Lp | Zy | Oy

Q o

1.86 0.8 2.15 | 097 | 2.16 | 2.01 | 291 58
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Fig. 18. Simulated phase and magnitude of S2; of the proposed PPMN.

parameters are optimized when R,,: = 32 Q and R,,; = 16
Q, while f; is set to 1.5 GHz at the same time. These
two examples are designed for using 10 Watts and 25 Watts
commercial GaN devices. Table II and Table III summarize
the optimized parameter values of each component when
Ropt = 32 Q and R, = 16 €, respectively. In these two
situations, when « increases from 1.25 to 2, fs changes from
3.9 GHz to 3.0 GHz. The related magnitude and phase of S,
under the condition of R, = 32 ) are presented in Fig.
15 and Fig. 16, respectively. It can be seen that the phase
characteristic also satisfy the required condition. Due to the
similarity of the features, the magnitude and phase of S%,
under the situation when R,,; = 16 (2 are not given here.

As can be seen from the above analysis, the proposed PPMN
architecture has a certain flexibility to achieve the desired
phase characteristics within a wide bandwidth.

IV. DESIGN OF DUAL-MODE 6-BAND DPA USING THE
PROPOSED ARCHITECTURE

In this section, we will design a 6-band DPA to validate
the proposed architecture and design methodology. Based on
the analysis in section III, the operation bands are directly
related to the value of «. Therefore, to design the required
PPMN:Ss, the value of « needs to be determined first. For a
6-band DPA employing the proposed architecture, two bands
in Mode I and four bands in Mode II will be achieved. At the
two centre frequencies of Mode 1, i.e., f1 and fo, the value of
0pp is fixed, which are 6, ;, = —7/2 and 60,, , = —37/2.
Therefore, the value of « can be calculated from (2) based on
the center operation frequency of Mode I. In this design, the
values of f; and fo are set to 2.0 and 4.15 GHz, respectively.
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Fig. 19. Schematic of the proposed multi-band DPA employing PPMNS.
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Fig. 20. Simulated back-off resistance for Mode I and Mode II versus
frequency.

Therefore the value of « is 1.86. Once « is determined, the
four center frequencies of Mode II bands can be obtained,
which are 1.564, 2.436, 3.714 and 4.586 GHz. Meanwhile, the
phase characteristic of the target PPMN is also determined.

The matching target of the proposed PPMN is to obtain R,
while achieving the phase characteristic within the target band-
width covering all the bands at the same time. In this work,
GaN HEMTs CGH40006s from Wolfspeed are used as the
active devices, which have the R, of 62 Q. The parasitic and
package parameters obtained from the turn-off S-parameters in
[28] is also used here. The circuit architecture and optimization
method introduced in Section III are employed to realize the
required PPMN with oo = 1.86.

Firstly, we use the circuit topology shown in Fig. 11. The
values of these circuit element are listed in Table IV. Secondly,
Cout 1s used to absorb the drain to source capacitor of the
proposed device and the package inductor is also absorbed
in Ly, at the same time. It should be noticed that there is
another package capacitor which is not absorbed, so the initial
PPMN need be optimized to some extent. After obtaining the
parasitic and package absorbed PPMN circuits, we transfer all
the lumped components to distributed forms (TLs) based on

+
Vﬂ Package
CG2

i 2.3/8.

1271

2.0 GHz

4.15 GHz

Load-pull contours
Drain Efficiency>50%

—o— 1.80-2.20 GHz
—8—3.95-435 GHz

(a)

7" 3.7GHz 2.4 GHz \

1.6 GHz™ 7

Load-pull contours
Drain Efficiency>50%

\
!
]

—e— 1.50-1.70 GHz
—8— 2.35-2.50 GHz
—%—3.62-3.77 GHz
—4A— 4.55-4.70 GHz

(b)

Fig. 21. Simulated back-off impedance compared with load-pull data in (a)
Mode I (b) Mode II.

the transformation method introduced in [32]-[34] except the
parasitic and package part. Fig. 17 presents the schematic of
the proposed PPMN, which absorbs the parasitic and package
parameters of the used transistor. The values of the parasitic
and package parameters are also shown in Fig. 17. Fig. 18
presents the S21 of the designed PPMN. It can be seen that the
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Fig. 22. Second harmonic impedance of lower band in Mode I and back-off
efficiency contours of the second harmonic load-pull simulation at 2 GHz.

impedance matching target is well achieved from 1.5 to 5 GHz
while the phase characteristic also satisfies the requirements.

After designing the PPMN, we can use it to build the
proposed multi-band DPA. Fig. 19 presents the schematic
of the proposed DPA. Four PPMNs are employed to realize
different functional elements for the proposed DPA and input
matching networks (IMNs) with same size are designed for
both CG1 and CG2 branches. In CG1 branch, the designed
PPMNI1 is employed as the impedance inverter for Mode I,
and two PPMNs (PPMN2 and PPMN3) are used as the off-set
element in CG2 branch to realized the phase shift of 260,,,. To
provide the phase compensation for all the operation bands,
PPMN4, which has the same phase characteristic as PPMN3,
is added at the input of IMNI1. The matching impedance
of PPMN4 is 50 Q. In PPMN3 and PPMN4, TL structure
is used to instead of the parasitic and package components
shown in Fig. 17. A post-matching network covering all the
target bands is then designed using high-order low-pass TL
topology to realize the impedance matching from 50 €2 load
to R,pt/2. Furthermore, to provide the power division at all
the operation frequencies, a 2-stage broadband power divider
is employed. All the above mentioned circuits are realized on
a 31 mil Rogers 5880 substrate and simulated using Keysight
ADS momentum. The specific size of the used TLs are also
shown in Fig. 19.

Fig. 20 presents the simulated back-off resistance at CG
plane in Mode I and Mode II versus frequency. It can be
seen that the back-off resistance is close to the theoretical
value, which means that the multi-band Doherty operation can
be achieved. To present the achieved matching results more
clearly, Fig. 21 shows the simulated back-off impedance at
the transistor package plane compared with load-pull data in
both Mode I and Mode II. The load-pull data is obtained at
the back-off output power level. We can see that, the back-
off impedance is almost within the high efficiency contours in
all the operation bands. The peak efficiency of the efficiency
contours is higher than 62% as shown in Fig. 21.

For the proposed design, some of the second harmonic
frequencies of the lower frequency band overlap with the
higher frequency band in Mode I, which means the second har-
monic impedance in the lower frequency band is not optimal.

~
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Fig. 23. Simulated drain efficiency and gain of the proposed DPA versus
output power in Mode I at (a) 1.8-2.2 GHz (b)3.95-4.35 GHz.

This will decrease the efficiency performance of the proposed
DPA to some extent at the related frequencies. Nevertheless,
this impact is not severe. Here, we use the second harmonic
load-pull data at 2 GHz of the used device to illustrate this
issue. Fig. 22 presents the back-off efficiency contours of the
second harmonic load-pull simulation at 2 GHz. It can be
seen that, when the second harmonic impedance is in the low
efficiency region, the efficiency will be reduced. Nevertheless,
the realized second harmonic impedance, which is the obtained
matching impedance at 4 GHz, is actually far from the low
efficiency region. This level of reduction is acceptable for an
ultra wideband DPA. In addition, the mentioned frequency
overlapping may compromise the performance in case of
concurrent dual-band transmission. In practical operation, this
issue can be avoided if we do not simultaneously transmit the
signals at two exactly overlapped bands. For instance, if we
transmit 60 MHz signal at 1.9 GHz and another 60 MHz signal
at 4.1 GHz concurrently, the two signals will not overlap with
each other. It should be noticed that, the specific design in
this work is just an example to validate the proposed method.
As shown in Fig. 6, the two bands in Mode I can be chosen
without overlap.

The simulated drain efficiency and gain of the proposed
DPA versus output power in Mode I and Mode II are shown
in Fig. 23 and Fig. 24, respectively. In Mode I, two operation
bands of 1.8-2.2 GHz and 3.95-4.35 GHz are obtained. In
these two bands, 6 dB drain efficiency of 49.6%-57.4% and
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Fig. 24. Simulated drain efficiency and gain of the proposed DPA versus
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Fig. 25. Simulated loss of the combiner versus output power at different
operation frequencies.

maximum efficiency of 61.7%-72.3% are achieved with peak
output power of 39.5 to 41.9 dBm. In Mode II, four operation
bands of 1.5-1.7 GHz, 2.35-2.5 Ghz, 3.62-3.77 GHz and
4.55-4.7 GHz are achieved. In these four bands, 6 dB drain
efficiency of 44.1%-53.5% and maximum efficiency of 65.4%-
73.5% are achieved with peak output power of 39.6 to 41.4
dBm. The simulated loss of the power combiner at some
operation frequencies versus the output power is presented in
Fig. 25. It can be found that the loss in Mode I is smaller than
that in Mode II at OBO. The combining loss can partially
explain why the power amplifier is less efficient at certain
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Fig. 26. Simulated output phase versus output power at different operation
frequencies.

Fig. 27. Fabricated circuits of the proposed DPA.

operating frequencies. Fig. 26 shows the simulated output
phase versus output power at different operation frequencies,
where we can see that, the phase distortion in Mode I is smaller
compared to that in Mode II. From the above results we can
find, the Doherty operation in Mode II is compromised and this
non-ideal characteristic affects both efficiency and linearity
performance in Mode II.

V. EXPERIMENTAL RESULTS

The circuit photograph of the fabricated DPA is shown
in Fig. 27. The DPA was measured under both continuous-
wave (CW) and wideband modulated signal stimulation at
different operation frequency bands. Some of the designed
frequencies with high back-off efficiency slightly shifted from
simulation due to fabrication variations. The final measured
operation bands were 1.8-2.2 GHz and 3.9-4.3 GHz in Mode
I, 1.52-1.72 GHz, 2.38-2.53 GHz, 3.67-3.82 GHz and 4.53-
4.68 GHz in Mode II. To show the multi-band feature of the
implemented DPA, performance at peaking output power and
back-off region were also measured from 1 GHz to 5 GHz
with 0.1 GHz step. In the measurements, drain biases of 28 V
and carrier quiescent current of 80 mA were set for the two
devices in both Mode I and Mode II while the peaking gate
biases were set to -6.3 V in Mode I and -5.7 V in Mode II to
obtain better better performance.

A. Measurements with CW Signal

The measured small signal gain of the proposed DPA from 1
to 5 GHz is presented in Fig. 28 where six operation bands can
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Fig. 28. Measured and simulated small signal gain of the proposed dual-mode
multi-band DPA versus operation frequency.
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Fig. 29. Measured drain efficiency and gain of the proposed DPA in Mode
I versus output power.

be observed. For these six bands, the measured small signal
gain changes from 8.7 to 13.5 dB. Besides, it can be seen from
Fig. 28 that each designed band has wider than hundred MHz
gain bandwidth, which makes the proposed DPA possible for
supporting wide signal bandwidth. The simulated small signal
gain is also given in Fig. 28 as comparison.

The measured drain efficiency and gain of the proposed
DPA in Mode I versus output power is shown in Fig. 29. The
achieved bands with high back-off efficiency are 1.8-2.2 GHz
and 3.9-4.3 GHz. Drain efficiency of 61.2%-69.3% and 49.2%-
54.5% is achieved at the peak output power and 6 dB back-off
region, respectively. The corresponding power added efficiency
(PAE) is 51.1%-58.8% at saturation and 43.9%-48.9% at 6 dB
back-off. The measured maximum output power is within the
range of 39.6 dBm to 41.5 dBm in Mode I. Each band in Mode
I can achieve 400 MHz bandwidth with higher than 49.2%
drain efficiency at 6 dB back-off. Fig. 30 and Fig. 31 present
the measured drain efficiency and gain of the proposed DPA in
Mode 1II versus output power. The achieved four bands with
high back-off efficiency are 1.52-1.72 GHz, 2.38-2.53 GHz,
3.67-3.82 GHz and 4.53-4.68 GHz. Drain efficiency of 54.4%-
71.3% and 42.2%-56.7% is achieved at the peak output power
and 6 dB back-off region, respectively. The corresponding PAE
is 40.7%-64.4% at saturation and 35.4%-50.5% at 6 dB back-
off. The measured maximum output power is within the range
of 39.6 dBm to 41.3 dBm in Mode II. At least 150 MHz
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Fig. 30. Measured drain efficiency and gain of the proposed DPA in the lower
frequency bands of Mode II versus output power.
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Fig. 31. Measured drain efficiency and gain of the proposed DPA in the upper
frequency bands of Mode II versus output power.

bandwidth can be achieved with higher than 42% 6 dB back-
off drain efficiency for each band in Mode II.

From the above CW measurement results we can see, the
fabricated DPA realized the proposed multi-band function.
The Doherty operation is more obvious in Mode 1. At some
frequencies in Mode II, especially 2.38-2.53 GHz and 4.53-
4.68 GHz bands, the Doherty operation is not so obvious. This
might be caused by several factors such as the fundamental
impedance mismatch and non-perfect harmonic control. Be-
sides, because the targeted bands of the proposed DPA are
distributed in a very wide frequency range, the related gain
can vary at different frequencies. This may lead the peaking
amplifier is turned on earlier. In this situation, the carrier PA
has not been driven to voltage saturation at back-off while the
peaking PA already begins to generate power. The back-off
efficiency thus will reduce to some extent and the Doherty
behavior will become not obvious. It can also be found that
the back-off impedance in Mode II changes significantly with
different frequencies. In theory, different bias condition should
be set to ensure the perfect load modulation. However, we
keep the gate bias constant in each mode to reduce the system
complexity. In this situation, the efficiency performance at
back-off will also be affected. Moreover, the PPMNs used
in the peaking branch are also not perfect. This means the
output impedance of the peaking branch at back-off deviates
from the theoretical value, this leads to power leakage from
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versus frequency in Mode I (gray-shaded areas indicating operation bands).

the carrier to the peaking branch at some frequencies and thus
decrease the back-off efficiency and output power. In Fig.
25, the combining loss of the proposed DPA is different at
different operation frequencies, which proves this non-ideality
to some extent. Nevertheless, the achieved back-off efficiency
is still comparable with other reported dual-band or multi-band
DPAs.

To better present the multi-band performance of the pro-
posed DPA, the drain efficiency and related output power
versus frequency at different input power levels in both Mode I
and Mode II are given. Fig. 32 shows the drain efficiency when
the input power equals 33.5 dBm and 25.5 dBm, respectively.
It can be seen that higher efficiency performance is achieved in
the two target bands. The dual-band characteristic in Mode I is
obvious, especially for the back-off efficiency. The simulated
drain efficiency is also given in Fig. 32 for comparison. The
simulated and measured output power in Mode I when driven
by the same input power level is shown in Fig. 33. Besides,
Fig. 34 presents the simulated and measured drain efficiency
performance at different input power levels. Input power of
35 dBm and 26 dBm is used to better present the quad-band
characteristic considering the different gain performance in
Mode II. It can be also seen that higher efficiency performance
is achieved in the four target bands. Similarly, the simulated
and measured output power in Mode II when driven by the
same input power level is shown in Fig. 35.
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Fig. 34. Simulated and measured drain efficiency at different input power
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TABLE V
PERFORMANCE OF THE PROPOSED DPA UNDER STIMULATION OF A 5
CARRIER 100 MHZ MODULATED SIGNAL WITH 7.7 DB PAPR

Freq A\I/)erage Average ACPR ACPR
out DE w/o DPD w/ DPD

(GHz) (dBm) (%) (dBc) (dBc)
1.65 32.8 50.1 -25.5/-21.5 | -51.6/-50.5
1.95 329 473 -21.4/-24.1 | -49.8/-53.3
2.45 33.0 42.1 -23.6/-21.8 | -51.3/-50.1
3.75 332 355 -24.2/-22.9 | -51.2/-50.3
4.1 335 45.6 -25.0/-20.8 | -51.1/-50.4
4.6 33.1 36.9 -26.9/-26.6 | -49.3/-48.9

B. Measurements with Modulated Signal

1) Single-carrier measurements: To evaluate the perfor-
mance of the proposed DPA when driven by wideband
modulated signals, a 5-carrier 100 MHz OFDM signal
with 7.7 dB PAPR was employed to test the DPA at
1.65/1.95/2.45/3.75/4.1/4.6 GHz, respectively. Digital predis-
tortion (DPD) is also performed to improve the linearity of
the DPA. A non-parametric iterative learning control based
DPD method [35] was adopted, which iteratively adjusts the
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Fig. 36. Output spectrum of the proposed DPA at 2.45 GHz with and without
DPD linearization.
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Fig. 37. Output spectrum of the proposed DPA at 4.1 GHz with and without
DPD linearization.

predistorted signal to achieve an ideal linear response at PA
output. Fig. 36 and Fig. 37 present the output spectrum with
and without DPD linearization under the stimulation of the
100 MHz signal at 2.45 GHz and 4.1 GHz. It can be seen the
ACPR can be improved to better than -50 dBc after DPD is
performed.

To better present the performance of the fabricated DPA
under wideband modulated signal stimulation, the average
output power, average drain efficiency and the ACPR with
and without DPD linearization are summarized in Table V.
The proposed DPA achieves average drain efficiency of 35.5%
to 50.1% with about 33 dBm average output power at the
designed operation frequencies. The corresponding average
PAE changes from 30.5% to 44.8%. Better than -21 dBc ACPR
is achieved by the DPA without DPD and improved to better
than -48.9 dBc after DPD is performed.

2) Concurrent measurements: The proposed DPA was also
measured under dual-band concurrent signal stimulation in
both Mode I and Mode II. Concurrent dual-band Modulated
signal with 7 dB PAPR was employed in this measurement.
The signal bandwidth at each band was set to 20 MHz for
all the following concurrent measurements. To validate the
performance of the proposed DPA, it was tested under differ-
ent setups by changing the carrier frequency and frequency
spacing between the two bands. Different frequency spacing,
i.e., 300 MHz, 750 MHz, 1300 MHz and 2200 MHz were
adopted in the test. During the measurement, the average
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Fig. 38. Output spectrum in Mode I with and without DPD linearization under
dual-band concurrent signal stimulation with 300 MHz frequency spacing.
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Fig. 39. Output spectrum in Mode II with and without DPD linearization
under dual-band concurrent signal stimulation with 750 MHz frequency
spacing.

output power of the two frequency bands was kept almost
equal. Dual-band DPD was also performed to linearize the
DPA under concurrent operation, where the signals of the two
bands were captured and time-aligned separately before DPD
model extraction.

When the frequency spacing is 300 MHz, the dual-band
signal was set within the higher frequency band of Mode
I. The center frequencies of the two signals are 3.95 GHz
and 4.25 GHz. Fig. 38 resents the corresponding output
spectrum. Average drain efficiency of 35.8% was achieved in
this configuration with around 30 dBm output power at each
band. The ACPRs at these two bands were improved from
-28 dBc to better than -50 dBc. Similarly, Fig. 39 and Fig.
40 present the output spectrum in Mode II under dual-band
concurrent signal stimulation with 750 MHz and 1300 MHz
frequency spacing. The center frequencies of the two signals
were 1.65/2.4 GHz and 2.45/3.75 GHz. The average output
power at each band was around 29.5 dBm. Average drain
efficiency of 41.0% and 34.1% was achieved, respectively. In
this situation, the ACPR was better than -25 dBc without DPD
and improved to better than -49 dBc after DPD. The DPA was
also measured using dual-band signal with frequency spacing
of 2200 MHz at center frequencies 1.9 GHz and 4.1 GHz. Due
to the limitation of the measurement set-up, the DPD was not
performed in this situation and thus the output spectrum is not
given here. Average drain efficiency of 34.8% was achieved
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TABLE VI
PERFORMANCE COMPARISON OF RECENTLY PUBLISHED MULTI-BAND/BROADBAND DPAS
Ref. (Year) Type Nypands Frequency (GHz) Fmax/Fmin | Pmax (dBm) | Gain (dB) | 7sat (%) | Nean (%)
[6] 2016 Dual-band 2 1.8/2.6 1.44 43.7-43.9 10.5-12.1 60-72 51-63
[7] 2014 Dual-band 2 0.85/2.33 2.74 42.5-44.0 13-19 53-59 46-47
[8] 2016 Quad-band 4 0.73/1.65/2.67/3.57 4.89 41.7-42.5 6-19 52.7-73.1 44.6-58.9
[10] 2017 Reconfigurable 4 1.5/2.14 or 1.85/2.35 1.57 42.4-43.2 10-13 62-70 52-56
[12] 2013 Quad-band 4 0.95/1.5/2.14/2.65 2.79 41.8-44.2 7-12 43-61 32-56
[25] 2018 Broadband N/A 1.8-3.8 (continuous) 2.11 44.3-46.5 7.6-10.8 42-62 41-51
[26] 2017 Broadband N/A 1.8-3.8 (continuous) 2.11 42.0-44.0 7.5-11 46-70 33-49
[36] 2014 Broadband N/A 1.05-2.55 (continuous) 243 40.0-42.0 9-10 45-83 35-58
This anl-Mode Mode I:2 1.8-2.2/3.9-4.3 . 39.6-41.5 9.1-12.7 61.2-69.3 49.2-54.5
Work Sicband - Mode 4 | 22 LIRS 39.6413 | 87-135 | 544714 | 422567
0 2.45 GHz 3.75 GHz C. Performance Comparison
10 The performance comparison with some recently published
201 wio DPD Frequency spacing = multi-band and broadband DPAs is summarized in Table VI.
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Fig. 40. Output spectrum in Mode II with and without DPD linearization
under dual-band concurrent signal stimulation with 750 MHz frequency
spacing.

with average output power of 30 dBm at each band. The ACPR
was better than -24 dBc at 1.9 GHz and better than -28 dBc
at 4.1 GHz.

From the measurements we can see, the proposed DPA
can support concurrent operation with different frequency
distribution and very large frequency spacing. It should be
noticed that, there are a very few related reports under con-
current modulated signal stimulation with very large frequency
spacing. In [37], [38], the designed dual-band PAs achieves
50% and 38% average drain efficiency in concurrent mode
with frequency spacing of 700 MHz and less than 15 MHz
signal bandwidth in each band. In [7], the frequency spacing
in concurrent mode is increased to 1480 MHz while the
average efficiency is 26.7%. Compared with these results and
considering the frequency spacing, the proposed DPA presents
comparable efficiency performance with good linearity and
much more operation bands in concurrent mode.

To the authors’ knowledge, it is the first time that a 6-band
DPA has been implemented. The proposed DPA shows compa-
rable back-off efficiency performance with other multi-band or
broadband DPAs and it can be used for multi-band applications
with very large frequency spacing. From the measurement
results we can see that, even only in Mode I, the spacing
between the edge frequencies of the obtained two bands is
more than one octave, while the back-off efficiency keeps
higher than 49%. Compared with the proposed architecture,
the reported broadband DPAs can barely achieve an octave
bandwidth while obtaining comparable back-off efficiency
performance in some specific frequency bands. Furthermore,
by simply swapping gate biases, the proposed DPA can provide
additional four operation bands which are distributed over
a wider frequency range. Although the bandwidth of each
band in Mode II is narrower than Mode I, at least 150 MHz
bandwidth with high back-off efficiency is achieved, which is
much wider than many other reported multi-band DPAs since
they often only reported high back-off efficiency performance
at each single operation frequency.

VI. CONCLUSION

This paper presents a novel method for designing multi-
band DPAs. Phase periodic matching networks are used to
realize impedance inverter and phase compensation function in
wideband DPA structures. To validate the method, a dual-mode
six-band DPA was designed and fabricated using commercial
GaN devices. The measurement results showed that the op-
eration bands of the proposed DPA distributed over a very
wide frequency range covering multi octave bandwidth, that
is usually very hard to achieve by normal broadband DPAs.
In comparison with reported multi-band DPAs, the proposed
DPA presents high back-off efficiency within hundred MHz
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bandwidth in each band while other works only reported
comparable performance at single operation frequency. De-
spite dual-mode configuration slightly increases the system
operation complexity, this configuration can be achieved by
simply swapping the gate bias which is very easy to realize.
The circuit complexity of the proposed DPA is comparable to
other broadband or multi-band DPA solutions. In summary,
the proposed DPA architecture provides a promising multi-
band solution for broadband 5G wireless transmitters.
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