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ABSTRACT A novel dual-transformation simplified real frequency technique is proposed in this paper to
synthesize a broadband Doherty power amplifier (DPA). The proposed method can realize the co-design
of the carrier and peaking output matching networks to achieve dual-impedance transformation at
back-off (BO) and saturation simultaneously. To realize this method, a generalized driving point function
with different loads of the matching network is proposed, and weight factors are adopted to combine the
separate target functions to form a united one. Compared with conventional designs, no initial guess is
required and additional compensating lines are eliminated to improve the performance of the DPA. Based
on the proposed technique, a broadband DPA is designed and fabricated across 2.2-3.7 GHz (51% fractional
bandwidth). The measurement results show that the designed DPA has a 6-dB BO efficiency of 45%—-53%
and a saturated output power of 43—44.6 dBm over 1.5 GHz bandwidth. Various modulated signals including
80-MHz long-term evolution-advanced signal and concurrent dual-band signal are employed to validate the
DPA. In this way, the DPA can achieve an average efficiency of 45.3%—-55.9% at 6.5-dB BO with the adjacent
channel leakage ratio levels better than —48.6 dBc by utilizing digital predistortion.

INDEX TERMS Broadband amplifiers, Doherty power amplifiers (DPAs), dual-impedance transformations,

power amplifiers, real frequency technique.

I. INTRODUCTION
With the development of ever-increasing data rate and
connections for 57 generation of mobile communication
network (5G), the modulated signals have wider band-
widths (BWs). However, because the frequency spectrum
resources around 2 GHz have been almost used up by pre-
vious generations of systems, the forthcoming commercial-
ized 5G’s candidate frequency bands have been shifted to
higher frequencies, such as 2.6 GHz and 3.5 GHz [1] to
achieve wider bandwidth. Meantime, the peak-to-average
power ratios (PAPRs) of the transmitted signal become much
higher with the evolution of the communication systems.
Power amplifiers (PAs), regarded as one of the most impor-
tant cells in the wireless communication systems, are required
to maintain high efficiency under this new circumstance.

To resolve this issue, Doherty power amplifier (DPA)
has been proposed as an effective solution to handle the

modulated signals with higher PAPRs [2]-[9]. But in con-
ventional design methodology, DPA is referred as narrow-
band architecture owing to its quarter-wave length impedance
inverter after the carrier amplifier. To broaden the BW of
DPA becomes a challenge for PA designers. In recent years,
many researchers have focused on the DPA’s BW extension
method by modifying the output matching networks (OMN5s)
[10]-[13]. Among them, low-order matching networks
[14], [15], noninfinity peaking impedances [16]-[18] and
post-matching networks [19]-[21] are widely employed
recently to enhance the DPA’s BW. However, one of their
major drawbacks is that the carrier and peaking OMNSs are
designed separately, regardless of their mutual influence,
so that the performance of DPA is usually limited.
Meanwhile, optimization techniques, such as Bayes-
ian [22] and simplified real frequency technique (SRFT) [23]
have begun to be employed to design broadband DPA.
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In [23], the BW of DPA is improved by employing the
SRFT optimizations in carrier and peaking OMNs’ design.
However, the optimizations of carrier and peaking OMNs
are done separately and DPA is optimized at either back-
off (BO) or saturation power level. Additional offset lines are
required after the OMN:Ss, so that the BW performance of the
DPA is negatively influenced by the adjustments.

This paper proposes a novel dual-transformation SRFT
(DT-SRFT) method to further improve the bandwidth of DPA
by the co-design of carrier and peaking OMNs. By combining
the carrier and peaking OMNss into one optimization process,
the OMN’s can be optimized at BO and saturation power levels
simultaneously to achieve the global optimal matching condi-
tion in Doherty load modulation. The compensating (offset)
lines are eliminated to improve the performance of the DPA.
No initial guess is required and the OMNs can be easily
synthesized by the optimized scattering parameters, which
can simplify the DPA design. The detailed systematic design
procedures are presented to synthesize a broadband DPA with
more than 50% fractional bandwidth (FBW), which provides
a validation of the proposed design methodology.

The rest of this paper is organized as follows. In Section II,
the relationship of carrier and peaking OMN:s is analyzed in
details to derive the proposed DT-SRFT. Section III intro-
duces the systematic design procedures for broadband DPA
based on this new methodology. The measurement results
and the comparisons with recently established works are
shown in Section IV. Finally, the conclusion is summarized
in Section V.

Il. ANALYSIS OF THE PROPOSED DT-SRFT
A. REVIEW OF THE CONVENTIONAL SRFT
SRFT can effectively deal with the complex-to-complex
impedance matching [24]-[26] and has been widely
adopted to design broadband high-efficiency single-ended
PAs [27]-[32].

For a lossless and reciprocity network constructed with
commensurate transmission lines (TLs), the scattering matrix
of network can be expressed as:

_(SuSn|_ L [k fO)
1= [521 Szz} T [fm —h(—x)} M

where A is the complex Richard variable which is
defined as:

A = jtan(Bl) = jtan(zf /2f.) @

where f, is stopband frequency specified by the designer. A(})
and g()\) are the n™ order polynomials and g(A) is strictly
the Hurwitz polynomial. /() is specified by f(1) = A9(1 —
kz)k /2 where k is the number of cascade commensurate TLs,
q is the number of shunt-short stubs, and n = k 4+ g + r is the
total number of distributed elements such that r is the number
of shunt-open stubs. Required by the lossless condition, (1),
g(}) and f(A) are regarded by:

lg1? = (RO + [F)I? 3)
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FIGURE 1. Schematic of PA's OMN.

A schematic of PA’s OMN is plotted in Fig. 1. As the
load impedance of transistor, Z; ps is named as a driving
point function (DPF) [27] to replace the conventional transfer
power gain function (TPG) in SRFT [23]-[26]. For a single-
ended PA, the load impedance Z; oymy equals Zy and Z;, pg
can be given as follows:

7 a0y = Zol +Su _ Zog()\) + h(2)

1—S8u g() — h(x)

Here Z; pa()) is a positive real function. Due to g(A) is

strictly the Hurwitz polynomial, the solution to the A(}) is in

real frequency domain. That means the optimized OMN con-

structed by the polynomials can be synthesized by distributed

elements.

The SRFT optimization target is to minimize the difference

between Zy, pa and the optimal impedance of transistor Z; .
So the target function (TF) can be described as:

“

M 2

min AZyiyy = Z

i=1

Zr, paA(Ai) — Zopr (M)
|Zopl()\i)|

where M is the number of frequency points calculated in
SRFT. By applying the Levenberg-Marquardt algorithm in
MATLAB, the optimized scattering matrix for OMN can be
solved and the distributed elements of OMN can be synthe-
sized by Richard extraction [33].

Compared with TPG, DPF is focused on the load
impedance of the transistor and can effectively distinguish
the difference between Zy pa and Z,,,. The DPF proposed
in [27] cannot be adopted to DPA design directly as the load
impedance of OMN varies with the input power during the
load modulation in DPA design. Although SRFT has been
preliminarily employed in DPA design [23], the carrier and
peaking OMNS are optimized separately by the conventional
TPG method and only sub-optimal solution can be obtained
in the design.

&)

B. PROPOSED DT- SRFT FOR DPA DESIGN
In order to solve these limitations, the DT-SRFT is pro-
posed to co-design the carrier and peaking OMNSs in one
optimization process. A generalized DPF (G-DPF) will be
derived to fulfil the co-design of the OMN, and united TF
will combine the separate TFs into one process to achieve the
global optimization. The DT-SRFT process will be illustrated
to design the DPA in a comprehensive way.

The output architecture of DPA is shown in Fig. 2. It con-
tains the OMNSs of the carrier and peaking amplifiers and the
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FIGURE 2. Diagram of the DPA's OMN.

load Z; . Z; is achieved by the post-matching network. The
optimization of Z; has been profoundly studied in [19]-[21].
At BO power level, usually the output impedance of peaking
OMN Zp omn,Bo 1s regarded as infinity in DPA analysis.
However, the infinity Zp omn o cannot be guaranteed in
broadband DPA as the phase variation of TL. The common
load seen from the carrier OMN is shown as:

Z1 * Zp,0MN ,BO

(6)

Zc,omN,B0 = ZL.//Zp,0MN ,BO 7L % Zp own 50
The load impedance of carrier amplifier at BO Z; ¢ po
can be achieved by converting Zc omn po through the carrier
OMN. As shown in (6), Zr, ¢ po is not only affected by Z; , but
also affected by Zp omn,po. That means the peaking OMN
must be carefully designed though the peaking amplifier is
OFF at BO. At saturation power level, considering the active
load modulation, the load impedances of carrier and peaking
OMN:s are given by:

Zc,omn,sar = (1 +a)Zp,

@)
Zp.omN,Sat = (1 + 1/a)Z;,

where « is the current ratio between the carrier and peak-
ing transistors at saturation. The carrier and peaking OMN5s
convert Zc, omn,sar and Zp omn Sar 10 Zp ¢ sar and Zy, p sar
respectively. The relationship of impedances in the DT-SRFT
is summarized in Fig. 3. Zyp ¢, sar and Zyp, p sar are the
optimal impedances of carrier and peaking amplifiers at
saturation obtained from the load-pull simulation. Simi-
larly, Z,p:, c,Bo represents the carrier amplifier’s optimal load
impedance at BO. These three optimal impedances are the
optimized targets of DT-SRFT. At saturation, the optimiza-
tions of carrier and peaking OMNs are influenced by Z
and o. At BO, the carrier and peaking OMNSs are corre-
lated with each other. Zp omn o is transformed from the
output impedance of peaking amplifier Zoyr p po. DT-SRFT
enrolls the two OMNs together to calculate Zy, ¢ po. Zr.c Sat
Zp.psa and Zp c po are the three G-DPFs of DT-SRFT,
which should be as close to the optimal impedances of DPA
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FIGURE 3. Relationship of impedances in DT-SRFT.

as possible. Besides, the carrier and peaking OMNs are
required to be optimized in one process, so weight factors
are introduced to combine the three transformations into one
united TF.

1) CALCULATION OF Z; ¢ go

The proposed G-DPFs will be derived in this part. The G-DPF
for carrier at BO Zy ¢ po is calculated at first. As presented
in Fig. 2, for the peaking OMN, Zp omn Bo can be expressed
as follows:

1+ T'p,omn,BO

®

Zp,oMN,BO = Zy
1 —Tp.omn,B0

Sp,128p21Tour,P,BO
1 —Sp11Tour,P,BO

Up.omn.Bo = Sp22 + 9
where l'our.p.so = (Zour.p.Bo — Z0)/(Zour PO + Z0).
By replacing the scatter parameters with h,(1), g,(A) and
fp(A) and considering the lossless condition in (3), Zp omn BoO
in Richard domain can be written as:

Zp.omN ,BO(A)
A gp(A) — hp(—=2) — [hp(M) — g(W)] Tour,p,o(M)
gp(A) + hp(—=1) — [Ap(M) + gp(M)] Tour, .o (L)
(10

After obtaining the expression of Zp oymn o, the load
impedance of carrier OMN at BO Z¢ omn .o can be calcu-
lated by (6). For the carrier OMN, the load impedance of the
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transistor can be presented as follows:

1+TL.cBo
ZrcBo = Lop——="—""— (1D
1 -TL c,Bo
Sc.128¢.21Tc,omn Bo
I'rcBo =Sc11+ (12)

1 =S¢ 22c,omn,Bo

where I'c . omn . Bo = (Zc,omn.Bo — Z0)/(Zc,omN.Bo + Zo).
After substituting the scatter matrix of carrier OMN with
he(A), gc(A) and f.(A), the G-DPF Z; c po adopted in
DT-SRFT is shown as:

Zr,.c.po(X)
_ 8c(A) + he(X) 4 [he(=1) + gc(M] T'c,omn,Bo(X)
0 eh) — (i) + [he(—2) — eI Tc.omn o)
(13)

Compared with the conventional DPF expression in (4),
the proposed G-DPF in (13) contains the reflection coefficient
at the combine plane, so that it can deal with the problem
when the load impedance of OMN varies.

2) CALCULATION OF Z; ¢ sa7 AND Z; p sar
Similar to the expression of Z; c o in (13), the G-DPFs
Z;. c.sar and Zy, p sq; can be calculated by:

Zy,.c sat(A)
_ 800+ he(R) + [he(=2) + 8 Tc,omn sar (%)
O8e(h) — he(A) + The(— 1) — g Tc.omy sar(X)
(14)

Zr P Sar(A)
_ 2,80 F o)+ [p(=) + 8] T onan s (%)
gp()\) - hp()\) + [hp(_)\) - gp()‘)] I'p,omN ,Sat (1)
(15)

where I'c,omn,sat = (Zc,0MN,sat — Z0)/(Zc,0MN ,Sar + Zo)
and T'p.omn,sat = (Zp,omN Sat — 20)/(Zp,oMN sar + Z0).
As expressed in (7), the reflection coefficients I'c omn . sar
and I'p omn sar at the combine plane are not only related to
Z; but also related to the current ratio .

In this way, the expressions of the three G-DPFs have been
illustrated to fulfill DT-SRFT optimization. Different from
conventional SRFT method in DPA design, the DT-SRFT
combines the carrier and peaking OMNs together to optimize
the three G-DPFs with the help of (13), (14) and (15) and the
influence of peaking amplifier is enrolled into the optimiza-
tion to broaden the BW of DPA.

It should be mentioned that the scatter parameters of car-
rier and peaking OMNSs h.(1) and hy(X) are the optimiza-
tion objects and they must maintain identical in (10), (13),
(14) and (15). The united TF combines them into one opti-
mization process to achieve the global optimal matching
condition in Doherty load modulation.

3) UNITED TF IN DT-SRFT

Different from only one set of DPF in the conventional
SRFT optimization, three G-DPFs are needed in DT-SRFT.
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Furthermore, Zp omy o is adopted to calculate Z; ¢ po as
shown in (13). Hence, the complexity of DT-SRFT will
be significantly increased. As the conventional TF in (5)
adopted square operation, the required optimization time in
DT-SRFT will be longer if the conventional one is used
directly. To reduce the complexity of DT-SRFT, the modified
TF is constructed as follows:

Re(Z(A)) — Re(Zopr (1))
| Zopt (1)

Im(Zp (L)) — Im(Zop (A))
| Zope (A1)

As shown in (16), the real and imagine part of the
impedance differences are calculated separately. The square
operation is replaced by the add operation. The complexity of
the SRFT optimization can be reduced by this modification.

Nevertheless, the employment of G-DPF and TF are not
enough for the DPA design as the optimized OMNs for
each TF are different if individual SRFT procedures are used
respectively. In DPA design, one process should combine the
three TFs together to optimize the carrier and peaking OMNSs.
Therefore, to reduce the complexity of DT-SRFT, an arith-
metic weight method is applied. Three weight factors 8, y
and § are introduced and they are regarded by 8 + y + 8§ = 1.
Multiplied by the three factors, the united TF AZyy for the
DT-SRFT optimization is constructed as follows:

M

min AZgyy = Z
i=1

(16)

min AZdi}jf,DpA
= B * AZjifr,.c.Sar + V * AZgir ¢ Bo+3 * AZgifr p Sar

(17
where
AZgifr . Sat
Re(Zp,c sar(Ai)) — Re(Zopy, ¢ Sar(Ai)) n
M
-y |Zopt.C.5a1 (1)
= | [Im(ZL.c.sat(M) = Im(Zopt c Sar (M)
L |Zopt,C,Sat()Vi)| |
AZgifr c.BO
Re(Zy ¢ ,Bo(Ai) — Re(Zopr,c . Bo(Ai)) n
M
_ Z |Zopt.c.B0(1)|
— m(Zr,c,.po(Ai)) — Im(Zops,c.Bo(Ai
= | [Im(Z, (A) — Im(Z, (A1)
L iZopt,C,BO()\i)| ]
AZgiff p,Sat
e(ZL p .Sat\Ai)) — e(Lopt, P, Sat(Ai
Re(Z, (Ai)) — Re(Z (A1)
M +
_ Z |Zopt,P,Sat()‘i)|
. n\ZL P .Sat\Ai)) — I Lopt, P,Sat \Ai
= | [Im(Z, (A7) — Im(Z (A1)
L ’Zopt,P,Sut()\i)}

The weight factors B, y and 6 must be intensively selected
in the design. The choices of these coefficients are deter-
mined by the sensitivity of the optimal impedance for each
state. If the TF AZyir ¢ Bo leads to more output power and
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FIGURE 4. Proposed DT-SRFT process of DPA design.

efficiency degradation than AZgr ¢ sar and AZgig p Sar, ¥
should be close to 1 and Z;, ¢ o will be closer to Zyp:,c.Bo
after the DT-SRFT optimization.

4) DT-SRFT PROCESS OF DPA'S OMN DESIGN

After the G-DPFs and united TF have been derived, the
DT-SRFT process of DPA’s OMN design is illustrated
in Fig. 4. Dual-impedance transformation is achieved by this
optimization. The carrier and peaking OMNs are combined
together so that the comprehensive optimal load impedance
of the DPA will be approached by this method. The details
are included in the following steps:

(1) According to the structure of the carrier and peak-
ing OMNsS, f.(A) and f,(A) are determined and the
optimization object A(}) is initialized. The limited
tolerance and iteration number are also required to
terminate the process.

(2) The h(2)is decomposed by hc(2) and h,(X) for the car-
rier and peaking OMN:S. In the theory of lossless and
reciprocity network, g(A) can be calculated by f(A)
and h(A). The scatter matrices of carrier and peaking
OMN:ss can be constructed with these polynomials.

(3) Z is determined by the post-matching network of
DPA. According to Z;, and «, the DPFs Z; ¢ 54 and
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Z1,p sar can be calculated by (14) and (15). The output
impedance of peaking amplifier at BO Zpyr,p o can
be obtained by the S-parameter simulation. Zp omn B0
should be calculated first by (10). Zp omn o is then
adopted to (6) to obtain Zc omn po. With Z;, and
Zc.omN Bo, the G-DPF Zj, ¢ po can be calculated
by (13).

(4) Using the three G-DPFs Zj c sar» Zi,c,Bo and
Z1,.p.sar> the TFs for each state can be calculated by
(16). Multiplied by the weight factors, the three TFs
are summed together. The united TF AZy;y ppa for
DT-SRFT can be obtained. The Levenberg-Marquardt
algorithm in MATLAB is used to minimize AZgr ppa
and update the optimization object h(.).

(5) The steps (2)-(4) are repeated. The minimum
AZgifr pra can be acquired when the limited toler-
ance or iteration number is reached.

The comprehensive optimal load impedances of carrier and
peaking transistors can be obtained with the specific OMN
structures and the stopband frequencies. The optimization
effects are varied with the number of TLs (OMN structure)
and length of each TL (stopband frequency). In order to
achieve the best performance of the broadband DPA, further
parameter sweeps should be adopted to search for the optimal
structures and stopband frequencies for carrier and peaking
OMN .

IIl. IMPLEMENTATION OF BROADBAND

DPA VIA DT-SRFT

In section II, the theory of the G-DPF and TF have been
derived and the process of DT-SRFT has been illustrated
to design the broadband DPA. In this section, a systematic
design procedure is presented for a 2.2-3.7 GHz symmetrical
broadband DPA by DT-SRFT optimization to obtain the opti-
mal efficiency at 6-dB BO. The DPA can cover the upcoming
5G’s candidate frequency bands and be compatible with the
traditional long term evolution (LTE) bands.

A. THE SELECTION OF OPTIMAL IMPEDANCE

Two Wolfspeed’s GaN transistors CGH40010F are used to
verify the methodology. The DT-SRFT procedures are oper-
ated in MATLAB and circuit simulations are conducted in
Keysight ADS with large signal device model provided by
the vendor.

The carrier amplifier is biased at class-AB mode whose
quiescent current is 50 mA. The gate voltage of the peaking
amplifier is set to —6.5 V, corresponding to the class-C mode.
The drain voltage is set to 26 V and 30 V for the carrier and
peaking devices respectively to ensure the identical current at
saturation. The regular selection of Z; in symmetrical DPA
design is adopted. In this way, o equals 1 and Z; equals 25 Q2
for the following design.

Five frequencies of 2.2, 2.6, 3, 3.3 and 3.7 GHz are selected
to represent the frequency response for the entire frequency
band of 2.2-3.7 GHz. Load-pull and source-pull simulations
are intensively performed to find the optimal fundamental
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FIGURE 5. Output power and efficiency contours and the selected
optimal impedances of carrier and peaking transistors.

impedances. As shown in Fig. 5, the carrier efficiency con-
tours at BO represent the area with higher than 50% drain
efficiency (DE). The output power regions for the carrier and
peaking at saturation achieved greater than 40.5 dBm are also
given on the Smith Chart. The contours are depicted with
the frequency of 2.2, 3 and 3.7 GHz respectively. In addi-
tion, the optimal load impedances of the carrier and peaking
transistors selected in DT-SRFT are also marked within the
efficiency and power contours. In order to clarify the choice
of the optimal load impedances, the impedances’ distribu-
tions are highlighted. The impedance Z,,, ¢ po is simulated at
6-dB BO (37 dBm) and Z,;, ¢, sar and Zyp;, p,sqr are simulated
at saturation (40.5 dBm). The DEs with the corresponding
frequencies are given in Fig. 5. The variation of the opti-
mal impedances from low to high frequencies is clockwise
according to construction of OMN so that the DT-SRFT can
perform well at each frequency. The output impedances of
peaking amplifier at BO are achieved by the small signal
S-parameter simulation in ADS. The optimal and output
impedances adopted in this design are listed in Table 1.

TABLE 1. Optimal impedances of carrier and peaking transistors.

Frequency ZoptA,C',Sat ZoptC,BO Zopt,P,Sat ZOUT7P,BO
(9] ) (%) ()]

2.2GHz 23.1-j%9.3 28+j*18.4 21.6-j%6.2 0.5-j*%39.5

2.6GHz 22.2-j%6.9 25.6+j*%11.5  19.2-j%2.8 0.6-j%29.5

3.0GHz 21.6-j*5 22+j*10 17.5-j*0.5 0.5-j%22.8

3.3GHz 20.5-j%2.7 18.4+j*10.5  16.1+j%2.2 0.5-j*18.8

3.7GHz 18.24j*1.7 15+j*13.5 14.3+j*5 0.9-j*14.4

B. DT-SRFT OPTIMIZATION FOR THE OMNS OF DPA
The proposed DT-SRFT is adopted to optimize the carrier
and peaking OMNs. The procedure of the design is shown
in Fig. 6. The detailed steps are illustrated as follows:
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FIGURE 6. Design procedure of the OMNs of DPA by employing DT-SRFT.

First of all, after obtaining the optimal impedances
Zopt,C,Sats Zopt,c,0 and  Zyp p sqr, the parameters of
DT-SRFT should be initialized. At first, scouting the contours
in Fig. 5, the efficiency contours are smaller than the output
power contours and enhancing the DE at BO is the first
priority in DPA design. So the weight factor y is set to
0.4 to ensure the optimization effect of Z,,, ¢ po, and the
weight factors B and § for Zp, ¢ sar and Zyp; p,sar are both
equal to 0.3 because carrier and peaking amplifiers deliver
the same output power at saturation in symmetrical DPA.
Then, low-order MNs are widely used to extend DPA’s BW
recently [14]. To apply the low-order MNs, less number of
distributed elements N and higher stopband frequency f, are
preferred. The initial N and f, of the carrier and peaking
OMN:s are set to 1 and 20 GHz. Lastly, the passing criteria of
DT-SRFT is to limit the maximum of the target function under
0.4 after observing the sensitivity of power and efficiency
contours.

Secondly, with the initialized N, Np, fe . and f, ;, the pro-
cess of DT-SRFT shown in Fig. 4 is operated with specific
OMN structures and stopband frequencies. The solution to
the optimization will be updated by changing the parameters
of the DT-SRFT. If the criteria are not satisfied after DT-
SRFT process, the stopband frequency of peaking OMN f, ,,
will be decreased at first. Then, if f, , is decreased to 8 GHz
and the solution still does not meet the criteria, the stopband
frequency of carrier OMN f, . will be reduced and f, , will
return to 20 GHz.

Thirdly, after traversing the f, . and f; ,, the structure of
OMN will be modified. Similar processes by increasing the
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FIGURE 7. Result of the united target function calculated by DT-SRFT of
the DPA design.

distributed elements of carrier and peaking OMNSs N, and N,
are repeated to search for the best solution of the DT-SRFT.

Last but not least, if the criteria are satisfied, the OMNSs
of carrier and peaking amplifiers are synthesized by Richard
extraction or other synthesis method.

After the procedure of broadband DPA design is operated,
the calculated united TF AZy; ppa of the procedure is pre-
sented in Fig. 7. Two and four cascade commensurate TLs
are selected as the OMNSs of carrier and peaking amplifiers
respectively. When f;, , equals 9 GHz and f, . is between
16 and 19 GHz, AZyyr ppa is below 0.4, as shown in Fig. 7.
After examining AZy;r ppa carefully, the stopband frequen-
cies of carrier OMNSs f, - and f, , are chosen as 16 GHz
and 9 GHz. The h(}) and g(1) of the carrier and peaking
OMN:s calculated by the DT-SRFT optimization are given as
presented:

he(A) = 2.3192% — 1.504 (18)
ge(A) = 2.5231% +3.0521 + 1 (19)
hp(x) = 2.0342% — 1.0042% — 1.5061% — 1.4722 (20)
gp(h) = 2.2660% 4+ 6.9361° + 8.1581% +4.742% + 1 (21)

The scattering parameters of carrier and peaking OMNs
can be calculated by (1) and (3) with the obtained
h(}) and g(1). Then by using the Richard extraction, the syn-
thesized carrier and peaking OMNs are shown in Fig. 8.
The characteristic impedances of the OMNs are 64.1 2 and
13.2  for carrier and 42.2 2, 16.8 €2, 65.9 © and 38.5 Q for
peaking. The quarter-wave length at the stopband frequencies
fe,c and f, , is the length of each TL respectively. The sim-
ulated frequency response of the OMNs are also presented
in Fig. 8. Compared with the selected optimal impedances
shown in Fig. 5, the simulation results show that the OMNs
designed by the proposed DT-SRFT can achieve a good
matching required by a broadband DPA.
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FIGURE 8. Simulated load impedances of the transistors and the
synthesized carrier and peaking OMNSs.

TABLE 2. Calculated target functions with different weight factors.

Weight Factors

(B. . 6) AZgigr,c,Sat AZgigr,c,BO AZai, P,Sat
(0.3,0.4,0.3) 0.671 0.232 0.132
0.2,04,0.4) 0.793 0.211 0.121
0.4,0.2,0.4) 0.610 0.320 0.105
0.3,0.5,0.2) 0.688 0.158 0.579

FIGURE 9. Impedance differences of the broadband DPA by DT-SRFT and
comparison with conventional SRFT and ADS simulation results.

In order to obtain the appropriate weight factors of the
DT-SRFT optimization, additional three sets of weight factors
are also adopted in the DT-SRFT design procedure. After
the procedure is operated, the calculated TFs with different
weight factors are summarized in Table 2. Employing the
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FIGURE 10. Schematic of the designed DPA fabricated on Taconic RF35 substrate with 30 mil thickness.

selected weight factors (0.3, 0.4, 0.3), the calculated TFs are
0.671, 0.232 and 0.132. Once one weight factor is set to 0.2,
it leads dreadful increacement for the corresponding TF and
large difference from the optimal impedance. In this way,
the weight factors (0.3, 0.4, 0.3) are suitable in this broadband
DPA design.

Furthermore, the TFS AZ gy ¢ sar, AZaifr,c,B0> AZdifr P, Sat
and the united TF AZg; ppa calculated by (16) and (18) are
shown in Fig. 9. According to Fig. 9, it can be concluded that
DT-SRFT can minimize the TFs at BO and saturation simul-
taneously. For comparison, the conventional SRFT in [23]
and the algorithm of gradient in Keysight ADS optimizer are
also adopted to optimize the desired impedances expressed
in Table 1. The structure of OMNSs are the same with the
proposed DPA. The conventional SRFT are used to optimize
the desired impedance at saturation and additional offset
line is needed to adjust the load impedance at BO. The
corresponding calculated TFs are also depicted in Fig. 9.
Clearly, the proposed DT-SRFT performs better than the ADS
optimizer as the performance of the ADS optimizer is limited
by the large amount of the optimization goals [22]. The BO
performance of the conventional SRFT gets suffered as the
optimizations are operated at saturation and the relationship
between carrier and peaking OMNSs at BO is neglected in
conventional SRFT.

C. SYSTEM SIMULATION

After determining the OMNS, the full circuit of the proposed
DPA can be built, as shown in Fig. 10. The substrate used
is Taconic RF35 with a thickness of 30 mil and a dielectric
constant of 3.5. A 90° hybrid coupler 11306-3S from Anaren
is used as the input signal splitter to ensure the equal input
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power and a 90° phase shift over a wide frequency range. The
drain and the gate of the transistor are both fed by inductors.
An 8nH inductor AO3T from Coilcraft is used in drain bias
circuit, and a 15 nH inductor LQW18ANI15N from Murata
is used at gate of the transistor. As the width of the first TL
is limited by the package wing of the transistor, the OMNs
of carrier and peaking are slightly modified by ADS Opti-
mization. Due to the load impedances of the input matching
networks (IMNs) and output combiner are pre-determined
in this design, a sixth-order stepped-impedance matching
topology is used to design the IMNs over 2.2-3.7 GHz and
a fourth-order Chebyshev’s impedance transformer centered
at 3 GHz with 60% FBW is used as the output combiner.
The simulated DE and gain results of the designed DPA
are presented in Fig. 11. The saturation output power of

FIGURE 11. Simulation results of the designed broadband DPA.
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FIGURE 12. Photograph of the fabricated DPA.

the proposed DPA is 43.1-44.5 dBm within the entire fre-
quency band. The DEs are 50.6%-53.2% at 6-dB BO and
59.6%-67.8% at saturation. The gain is around 11 dB at 6-dB
BO over 2.2-3.7 GHz. These results show that a broadband
DPA can be designed by the DT-SRFT proposed in this paper.

IV. MEASURED RESULTS

Based on the designed schematics, a broadband DPA was
fabricated on Taconic RF35 substrate used in the simulation,
as shown in Fig. 12. Continuous wave (CW) and modulated
signal measurements were carried out over 2.2-3.7 GHz to
verify the performance of the designed broadband DPA.

A. CW MEASUREMENTS

CW measurements were utilized to evaluate the efficiency,
output power and gain characters of the fabricated DPA using
Rohde & Schwarz SMW200A vector signal generator and
N9030A PXA signal analyzer from Keysight.

Fig. 13 shows the measured gain and DE versus out-
put power corresponding to the designed frequencies.
Pronounced Doherty behavior is achieved by the fabricated
broadband DPA.

To clearly observe the performances of the fabricated DPA,
the frequency response of the measured DE, saturated out-
put power and gain are summarized in Fig. 14. The Mea-
sured DE ranges from 54.5% to 68.7% at saturation and
45.0% to 52.8% at 6-dB BO across 2.2-3.7 GHz. The satura-
tion output power is 43-44.6 dBm. The gain at 6-dB BO varies
from 10.1 dB to 11.8 dB. For comparison, the simulation
results are also plotted in Fig. 14. The comparison shows
that the measured results have a good agreement with the
simulation results.

A comparison between the performance of the designed
DPA and recently established DPAs are summarized
in Table 3. Compared with the most broadband design [11],
higher power utilization factor (PUF) and DE at 6-dB BO
and saturation are obtained by the proposed DPA. Compared
with [10], [14], and [16], this work presents the wider opera-
tional BW of 1.5 GHz with the FBW of 51%. Compared with
the other optimization methods [22], [23], higher center fre-
quency is achieved and the performance of the DPA improves
significantly by the proposed DT-SRFT optimization.
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FIGURE 13. Measured gain and DE versus output power of the fabricated
broadband DPA.

B. MODULATED SIGNAL MEASUREMENTS

After CW measurements, modulated signals are used to eval-
uate this broadband DPA in mobile communication systems.
A 20-MHz LTE signal with 6.2 dB PAPR is excited to this
DPA to evaluate the linearity and efficiency performances
over the entire frequency band.

As shown in Fig. 15, the designed broadband DPA exhibits
a 45.3%-55.9% average efficiency over the 1.5 GHz BW at
6.5-dB BO power level (36.5-38.1 dBm), while the adjacent
channel leakage ratios (ACLRs) are —29.6~-39.6 dBc. Uti-
lizing the digital predistortion (DPD) to linearize the fab-
ricated DPA [34], the ACLRs of the DPA are improved
to —50.1~-56.5 dBc.

In addition, various DPDs are conducted to validate the
linearity performance of the DPA for the upcoming 5G
communication systems. An 80 MHz LTE-Advanced (LTE-
A) signal with a PAPR of 7.5 dB and a concurrent dual-
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TABLE 3. Comparisons with some recently published DPAs.

. Frequency CF@ BW FBW Pout,sat b DEgsqt DEgaBBO .
Ref. (Year) (GHz) (GHz) (GHz) (%) (dBm) PUF (%) (%) Technique
[10] (2012) 3-3.6 33 0.6 18.2 43-44 1.34-1.69 55-66 38-56 ‘Wideband Compensator
[11] (2018) 1.5-3.8 2.65 2.3 87 42.3-43.4 1.08-1.40 42-63 33-55 Bandwidth Estimation
[14] (2015) 1.7-2.6 2.15 0.9 41.9 44.6-46.3 1.75-2.58 57-66 49-60 Post-Matching
[16] (2016) 1.7-2.8 2.25 1.1 48.9 44-44.5 1.53-1.73 57-71 50-55 Integrated Compensate Line
[22] (2017) 1.5-24 1.95 0.9 46.2 43.1-44.4 1.21-1.63 57-74 45-56 Bayesian Optimization
[23] (2013) 2.2-2.96 2.6 0.76 29.5 39.6-41.7 0.97-1.57 50-68 40-60 SRFT Optimization
This work 2.2-3.7 2.95 1.5 50.9 43-44.6 1.31-1.89 55-69 45-53 DT-SRFT Optimization
“CF means Center Frequency
bPUF is defined as (measured saturation power)/(devices’ nominal saturated power)*CF0-25
TABLE 4. Linearization results of The DPA With LTE-A signal and concurrent dual-band signal.
Sienal T BW PAPR Frequency Output Power Average Efficiency ACLR before DPD ACLR after DPD
ignat 1ype (MHz) (dB) (GHz) (dBm) (%) (dBc) (dBc)
4 Carriers” LTE-A 80 7.5 2.6 36.3 43.6 -28.5/-29.3 -48.6/-48.7
4 Carriers’ LTE-A 80 75 35 36.9 46.7 -30.5/-33.8 -51.0/-51.1
Concurrent 20 2.6 33.1 -31.6/-32.4 -52.0/-52.5
dual-band LTE-A 40 8 35 33.1 41.6 -33.6/-36.6 -50.0/-50.4

FIGURE 14. Measured and simulated frequency response of the designed
DPA, including (a) DEs at 6-dB BO and saturation, (b) saturated output
power and gain.

band signal with the PAPR of 8§ dB and BWs of 20 and
40 MHz are employed to excite the DPA at 2.6 and 3.5 GHz
to verify the DPD performance. Fig.16 and Fig. 17 show
the measured output power spectral density (PSD) before
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FIGURE 15. Measured results of a 6.2dB PAPR 20-MHz LTE signal,
including (a) output power, average efficiency and (b) ACLR before and
after DPD.

and after DPD and the linearization results are summarized
in Table 4. For the 80 MHz 4 carriers’ LTE-A signals, when
the average output power is 36.3 and 36.9 dBm, the designed
DPA can achieve an efficiency of 43.6% and 46.7% with the
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FIGURE 16. Measured output power spectral density of 80 MHz LTE-A
signal before and after DPD.

FIGURE 17. Measured output power spectral density of concurrent
dual-band signal before and after DPD.

ACLRs lower than -48.6 dBc at the candidate 5G frequency
bands. Excited with the concurrent dual-band LTE-A signal,
the designed DPA exhibits an average efficiency of 41.6%
with the total output power at 36 dBm (33 dBm in each
band). The two-dimensional decomposed vector rotation-
based model [35], [36] was applied to linearize the DPA.
ACLRs lower than -50 dBc can be achieved for each band.
The modulated signal measurement results validate the out-
standing performance of the designed DPA for the current and
future mobile communication systems.

V. CONCLUSION

In this paper, a novel DT-SRFT optimization is proposed
to achieve the dual-impedance transformation in DPA’s
OMN design simultaneously. By introducing the G-DPF and
united TF, a detailed process is presented in DT-SRFT to
combine the optimizations of carrier and peaking OMNs
together. A novel design procedure of the proposed method
is introduced to simplify the broadband DPA design. For
verification, a broadband DPA is designed and fabricated
over 2.2-3.7 GHz. The compensating lines are eliminated
to improve the performance of the DPA. CW measurement
results show that the proposed DPA presents excellent output
power and efficiency performances over the 1.5 GHz opera-
tional bandwidth. When excited by modulated signals, high
average efficiency and good linearity are achieved across the
entire frequency band. The results can validate the effective-
ness of the proposed SRFT modification. The designed DPA
can be employed in current LTE and upcoming 5G mobile
communication systems.
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