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Abstract

This paper proposes a novel Doherty combiner that uses a series and parallel resonant circuit for wideband. Unlike conventional combiners,

the aim of the proposed combiners is to extend bandwidth for not only the magnitude bandwidth, but also phase balance by employing

series and parallel resonant circuits at the output impedance of the peaking amplifier. Considering the load impedance of the peaking amplifier,

the Doherty combiners were analyzed in the theory of this study by deriving the series and parallel resonant circuit values. The output

phase balances are determined for the targeted bandwidth to achieve uniform phase balance in the proposed combiner I using a series resonator.

For better magnitude bandwidth, the slope of reflection coefficient (I') at port 3 in the combiner II using series resonator was derived using

the derivative of I with respect to w. Experimental results show that the proposed combiner I has 63.5% magnitude fractional bandwidth
(FBW) and 118% FBW with the phase balance at £2.5°. The proposed combiner II also has 85% magnitude FBW and 118% FBW with

the phase balance at £2.5°.

Key Words: Doherty Combiner, Doherty Power Amplifier, Series and Parallel Resonator, Wide Bandwidth.

1. INTRODUCTION

RF power amplifiers used in communication base stations re-
quire high efficiency and linearity. The amplifier needs to operate
at high efficiency at a back-off level [1]. However, the base station
power amplifiers have low efficiency due to the back-off operation
[2]. Lower efficiency causes several thermal issues and decreases
the lifetime of high-power transistors [3-5]. Therefore, much
research [6-12] focusing on the large back off power region has
been suggested in order to improve the average efficiency of
power amplifiers, one of which is commonly known as the

Doherty power amplifier, first proposed by Doherty [7] in 1936,

as shown in Fig. 1(a). Various applications based on improving
power efficiency in Doherty power amplifiers have been researched
[8-12]. These include the multiway [8, 9], symmetric way [10],
and asymmetric methods [11, 12]. However, Doherty power
amplifiers and other applications [7-12] require 1/4 impedance
transformers in splitting and combining operations for the two
signals of the carrier and peaking amplifiers. These methods
operate only near the center frequency, resulting in bandwidth
limitations. Another requirement for power amplifiers is the ability
to operate in wide bandwidth, as well as high linearity and high
efficiency in the base station. Suggestions have been offered for
better bandwidth [13-20], but these combiners have a phase
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Fig. 1. (a) Conventional Doherty combiner, (b) the proposed Doherty
combiner I, and (c) the modified Doherty combiner I in Fig. 1(b).

balance limitation, despite the enhanced magnitude bandwidth.

In this paper, a new Doherty combiner is presented for im-
proving bandwidth, not only magnitude, but also phase balance.
The proposed combiners I and II were made up of series and
parallel resonant circuits. The LC values in the proposed com-
biners were analyzed by deriving the slope of the phase differ-
ences and the reflection coefficient of the S-parameter.

II. THE PROPOSED DOHERTY COMBINER I WITH
SERIES RESONATOR

The conventional Doherty combiner depicted in Fig. 1(a)
consists of a carrier amplifier (CA) and a peaking amplifier (PA),
as well as a phase shift and an impedance transforming network.
The basic concept of the Doherty technique is that the CA is
designed to saturate below the transition point (half of the max-
imum output voltage), and the PA commences linear operation,
modulating the load of the CA from twice its optimum (2R
to the optimum value (Rop) [2]. The required load modulation
method is achieved by using an impedance transforming net-
work, which causes the limited bandwidth of the phase differences
between 831 and Ss. First, consider Fig. 1(b) for a wide phase
balance. The series resonant circuit (L and C) at port 2 was added
to the conventional Doherty combiner. Since the conventional
Doherty’s phase slopes difter from 831 and Ss,, the phase differences
vary as the frequency deviates from the central frequency [21].
The frequency deviations caused phase balance degradation. To
improve the phase balance, we derived the design theory in a
different way than in [22]. Instead of the derivative of phase
differences, uniform phase balance was considered to set the
targeted phase deviation. To analyze the proposed combiners,
the output nodes of CA and PA were replaced by port 1 and
port 2, respectively (i.e., input sources); however, port 3 was the
output port for the combiner. Fig. 1(c) shows a modified diagram
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that illustrates the calculation of the phase differences S3 and

83, of the proposed combiner I in Fig.1(b), terminating port 2 as

port impedance Z, and showing port impedance of P; without

a 90° phase shift. The input admittance looking at P; to P,,
Zins, is Fig.1(c) is defined as (1).

1 ZywC—j(w?LC-1

Ying = 7~ = wC (zoowc)zi((szc—f)z' 1)

To simplify the calculations, a 90° phase shift was added as a

phase (6 5) at the last step, as shown in Fig. 1(c). After terminat-

ing port 2 as the port impedance Z, the ABCD parameters from
node P; to node P; were calculated. In addition, the ABCD
parameters from node P, to node Pz are derived after port 1 was
terminated with port impedance Z, using a modification similar
to the one in Fig. 1(c). Thus, (‘2 g)31’ and (g 5)32 are
given in (2) and (3) below.

i Zosin®
(A B) _ cos6 7
¢ D/sv \y, . cosd +j—ﬁ;m9 jz°j;le Yins + cosd | ()
0
2 —
I (e
C D
32 0 1

V2AAsin® ( . Zg—AA

~ (cosB(l + jY,AA) — e = )smB +]AACO$9>
- . V2sinf . sinf ’
Yocos0 + j 0 Ji fY + cosf ©)
210
where 44 = &2
wC

From (2) and (3), S5y and S3; are expressed in the Appendix.

From S5y and Ss3,, the angular phases £S5y and £S;, are
described as (4) and (5) below.

-1 §(4(Zowc)2 +3(RR)?) sin 8—Zy,wC(RR)cosO

4S5, = —tan
31
(3(ZOwC)2+2(RR)2cose+g(ZowC)RR sin@ ’ (4)
RR .
— _tan-1 2Yy, - c0s 0+2v2sin @
K532 - a 3V2, RR _. > (5)
3cos@ == Yo ¢sin 6

where RR = w?LC — 1.
Consider the 90° phase shift (6,s) mentioned above. The
phase differences (¢qirf) of S5y and S;, are expressed as

Gairr = (GPS + £S511) — £Sa,. Gaifr is calculated as the cen-
ter frequency (fp) and lower band-edge frequency (f;) targeted
half of the bandwidth, shown as (6)—(8).

¢$o =06y + KS31’|9:gO - KS32|9:907 ©6)
¢1 =0, + K-5"31’|9=90 - 5532|9=91, @)
Gairr = Po— 1= (6 — ) +
(&S3l'|9=90 B AS32|9=90) B @531"9:91 B AS32|9=91)' ®
If we set the f; and ¢y, the upper band-edge frequency
(f{) and phase differences should also be linear. 6, =g and
6, = Z—; % are applied to (8), and (9) is derived.
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b0 — 1 — E( - _) = (931 0 31’1) - 0321), (9)

w

(9320 -

Where &S32| 63271_, 1 2
The evaluanon of tangent (a) is derived in (10) using trigo-

nometric functions; this is done after replacing the left side of (9)

with a,
N
tan(a) = tan((931r0 — 03171) — (0330 — 9321)) = DLe?, (10)

6,1
where Num = ( —— ttan 9321) (1 - mnA)
320

tan@,,1,

tan 634
- (tane + tan 931’ ) ( 1- tan 0320)'
tan(a) = tan(fs5; — 0311)
fus )
= tan((¢o — ¢1) =5 (1 =), 11)

where 0320, 0319 = > and w?LC — 1= 0.

Using (4) and (5), (11) can be derived as L and C, as in (12)
and (13).
BB _ BB

B Zywq tan(¢0—¢1—%(l—2—g) )’ (12)

L=G%: 13)

C=-

Zyw, tan(a) -

where BB = (wl)2

Therefore, the proposed Doherty output combiner I has the
values of L and C, as in (12) and (13), after setting the phase
differences 831 and S at the center frequency fy and target
frequency f;. This could be a more practical way to set the
phase balance for target frequency.

III. THE PROPOSED DOHERTY COMBINER II WITH
SERIES AND PARALLEL RESONANT CIRCUITS

The L and C values obtained in Section II are juxtaposed
with the targeted phase differences at the center frequency f;
and the specified band frequency f;. Thus, the phase slope of
phase differences had a constant value in wideband. In this section,
we consider the frequency bandwidth of the magnitude balance.
The proposed Doherty combiner II has a series resonator and a
parallel resonator, as shown in Fig. 2(a). The added parallel reso-
nant circuit L, and Cjonly affected the magnitude bandwidth,
which had a constant phase balance. Z;,, as shown in Fig. 2(b),

CA

Impedance
cp transforming
network
ZoN2,0 L

Additional section

(b)

Fig. 2. (a) The proposed Doherty combiner II using series and parallel
resonant circuit and (b) the modified Doherty combiner II.

can be obtained as (14).

Zo)

Zin Zy+ jwLg L
(20 st =) ot ||
__ A+jB _ AC+BC+j(BC— AD)
T Cc+jD c2+D2 ’
where A = (Zyw)2L,Cs, B = ZywL,(w?LiCs — 1),
C = 2Zyw?CsLy, — Zy(w0?LsCs — 1)(w?L,C, — 1),
D = ZiwC(w?L,Cy — 1) + wly(w?LsCs — 1).

(14)

The input impedance Z;, at port 3 can be obtained as (15)
using (14). From (15),

Z;, can be rearranged (16).

/ .Zytan 0
Zin+] 0\/2
V2 Zo +jZ’ tan @
AC+BC | (BC -AC , Zo tane)
_ Zo a2t et
.(AC+BD) tan 9)’ (15)

= NG (zo (BC-ACQ)tan6
V2 C?+D? C2%+D?

2 2.2
Z(,<\/_sec2 9+1< gz(l—tanz 9)+(%—%tan 0)))

7% ZZOytane (x2+y2)tan2 0
V2B 2zoyano (24 a0,

Zy
Ziy =

Zin =

* (16)

where x = AC + BC, y = BC — AD, w = C? + D?.

The reflection coefficient (I') of S33 is given by (17) using (16).
To determine wide magnitude bandwidth, the derivative of T
with respect to w is necessary, since (17) is a function of w, L,

and C,,

Zin—Zo
Zln+Z0

S33 = 17)

Fig. 3 shows plots of several graphs of the S33 slope versus L,
varying from 2 to 7 nH and having a frequency range between
1.4 to 2 GHz generated using MATLAB. To obtain the L,
value for broad bandwidth, we observe that L, =2.35 nH is

S:3 . C, value was also derived

using the resonant frequency Thus, the parallel resonant circuit

selected when the slope of

positively affected the magnitude bandwidth, and the series res-
onant circuit improved phase balance.

IV. SIMULATION AND FABRICATION RESULTS

1. Simulation Results Using Analysis Designer
To demonstrate the proposed design method, two proposed
Doherty combiners (I and II) were designed using a central fre-

Slope

Inductor [Ly]

Fig. 3. A simulated % graph for parallel inductor value L,.
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quency of 2 GHz based on the algorithm below.

1) Draw the proposed Doherty combiner I and label its essential
parameters (Zo, Oy, L, and C).

2) Apply the circuit analysis on the ABCD parameter and §-
parameter to obtain magnitude and phase terms, which are
used to extract the required parameters when the 8,5 =
/2 and resonant conditions are applied.

3) Express the phase differences (¢g;rr) of Ssiv and Ss; as
Gairr = (Hps + 4£S3y7) — 4S3,. @aifs is set as the center
frequency (fy) and lower band-edge frequency (f;), and
calculate L and C.

4) Draw the proposed Doherty combiner II having L, and C,.
Using the obtained value of L and C, derive the reflection
coefficient of 833 at ports 1 and 2, which are terminated by
a port impedance Z.

5) Use MATLAB to calculate the derivative of S3; with respect
to w, and plot the S33 slope according to the L.

6) Perform circuit simulation and three-dimensional field
analysis using ANSYS High-Frequency Structure Simulator
(HFSS).

7) If the achieved results are desirable, then fabricate the pro-
posed circuits to check the validity of the design theory.

This section describes circuit simulations conducted on the
conventional Doherty combiner and the proposed Doherty
combiners I and II. The inductor value L and capacitor value C
was derived as 2.37 nH and 2.67 pF, respectively at f; of 2
GHz, f; of 1.9 GHz, and the phase difference of S3 and S
was 1°. The values of the series resonant circuit of the proposed
Doherty combiner II were also applied using the same value of
the proposed combiner I. The values of the inductor (L;) and
capacitor (Cp) in the parallel resonant circuit are 2.35 nH and
2.69 pF, respectively, at zero slope.

Fig. 4(a) and 4(b) shows the S-parameter and phase differences
of comparison simulation results according to the conventional
and proposed Doherty combiners (I and II). The comparison
simulations were conducted using ANSYS Designer. Since the
target edge frequency f; is 1.9 GHz and the phase balance is
set as 1°; the circuit simulation results are consistent with the
targeted results of the designed circuit. Magnitude bandwidth
also increases 110 MHz bandwidth for the Doherty combiner
II having a series and parallel resonator.

2. Fabrication Results and Measurements

Fig. 4(c) shows a fabricated photograph of the conventional
circuit, proposed circuits I and II, from left to right. The fabricated
substrate is Rogers RT5880, and the dielectric coefficient is 2.2.
The chip inductor and capacitor used in this paper have a size of
2.0 mm X 1.2 mm. The line width of port impedance Z is
2.38 mm and the length is 27.4 mm. Z, /V2 has a width of
3.91 mm and a length 26.94 mm. For better fabrication and
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Fig. 4. Comparison of the simulation results of conventional and pro-
posed Doherty combiners: (a) S-parameter, (b) phase difference
of 81 and S, and (c) fabricated photos of the conventional, the
proposed Doherty combiner I, and the proposed Doherty

combiner II.

accurate results, the parallel resonator is replaced by the short stub
[22], which has 23.23 Q characteristic impedance and electrical
length 90°. Fig. 5(a) and 5(b) show the S-parameter and phase
difference of the measured results for the conventional and pro-
posed Doherty combiners, respectively. The S and 83, of the
conventional Doherty combiner measured at 2.77 dB and 3.45
dB, respectively, values that are similar to the simulation results.
The S31and S3; results of proposed circuit I is 3.07 and 2.93 dB,
respectively. The 8§31 and Sz results of proposed circuit II are 3.21,
and 3.38 dB, respectively. As a result of the fabrication error, the
proposed circuits had a less than 0.4 dB difference compared to
the simulation results. The proposed circuit I with series LC
experienced a decrease of 5.9% bandwidth, but the phase slope of
the proposed circuit I increases over 112%, with a variance of £2.5°,
compared to the conventional Doherty combiner. The proposed
circuit IT's magnitude bandwidth with a series and paralle] resonant
circuit improved by about 25.9%, compared to the conventional
Doherty combiner. The phase slope also increased by about 112%
compared to the conventional slope. Thus, the design theory of
the proposed circuits I and II are verified over a wide bandwidth
by employing the proposed method.

b
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Fig. 5. Comparison results of (a) S-parameter and (b) phase difference.
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V. CONCLUSION

In this paper, a novel Doherty combiner is proposed with the
aim of extending bandwidth. The proposed Doherty combiners
I and II consist of series or parallel resonators added to a conven-
tional Doherty combiner. The proposed combiner I was derived
by setting the targeted phase balance, and the series resonant
values were obtained by setting the resonant condition as the
phase balance. The proposed combiner II was calculated by obtain-
ing the zero slope of the reflection coefficient of Sz3. The derived
values of the proposed circuits were verified using the simulation
and measured results. Both results show that the proposed
combiner II has a wideband for not only magnitude bandwidth
but also phase balance, with 25.9% and 112% improvement for
magnitude and phase bandwidth, respectively, compared to the
conventional Doherty combiner. Therefore, the proposed
Doherty combiners can be applicable for wideband Doherty
power amplifiers in baseband stations and various applications
to balance of magnitude and phase characteristics.

This result was supported by "Regional Innovation
Strategy (RIS)" through the National Research Foundation
of Korea (NRF) funded by the Ministry of Education (MOE)
(No. 2021RIS-004) and the Soonchunhyang University
Research Fund.

APPENDIX

S-parameters S3y/ and S3, can be derived from the ABCD
parameter in Fig. 1(c).

2
S3 S
S31realtJS31imag
where
s _ 3(ZywC)?-2(w%LC-1)%cosh V2(ZywC)sind
31real = T (7 w0)2+2(w?LC-1)? 2(ZywC)%+(w2LC—1)?’
s _ V24((ZywC)? — 3(w?LC — 1)*)sinf
3limag — Z(ZO(UC)Z + (szC — 1)2
(ZowC)(w?LC-1)cosO
(ZowC)2+(w2LC-1)2’
_ 2 _ 2
532 - B - S S )
A+Z—0+CZO+D 32realtS32imayg
where

3v2Yy(w?LC—1)sind

S = 3cos0 —
32real 20C
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