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Bandwidth Enhancement of Doherty Power

Amplifier Using Modified Load
Modulation Network

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

Abstract—A novel Doherty power amplifier (DPA) architecture
with extended bandwidth is presented in this paper. A modified
load modulation network is introduced to provide impedance
condition required by the Doherty operation in a wide frequency
range. Analytical parameter solutions of the proposed load
modulation network and the related load modulation process
are presented. A DPA with 2.80-3.55 GHz bandwidth utilizing
commercial GaN transistors is implemented. The fabricated DPA
attains a measured 9.3-11.1 gain and 43.0-45.0 dBm saturated
power. 50.0-60.6% and 66-78% drain efficiency is obtained at 6
dB output power back-off and saturation throughout the designed
band, respectively. Moreover, the back-off drain efficiencies are
higher than 55% within 700 MHz bandwidth. When driven by
a 6-carrier 120 MHz OFDM signal with 7.0 dB peak to average
power ratio, the proposed DPA achieves adjacent channel leakage
ratio of better than -50 dBc after digital pre-distortion (DPD) at
3.20 GHz with average efficiency of 53.3%.

Index Terms—broadband, Doherty power amplifier, high effi-
ciency, load modulation

I. INTRODUCTION

O improve spectrum efficiency, modulated non-constant

envelope signals with high peak to average power ratio
(PAPR) have been widely adopted in modern wireless com-
munication systems. Since the radio frequency (RF) power
amplifier (PA) is the most power consuming component in
wireless transmitters and the system efficiency relies on the
average power efficiency, it is thus crucial to maintain high
efficiency performance of the PA at the output power back-off
(OBO) [1]-[4]. Several PA architectures have been proposed
to improve back-off efficiency, such as, Doherty power am-
plifier (DPA), envelope tracking (ET), out-phasing and many
others. Among them, the DPA is one of the most popular PA
architectures deployed in cellular base stations due to its high
reliability and simple circuit structure [S]—[8].

Meanwhile, with the rapid development of wireless commu-
nication standards, more and more frequency bands have been
added in wireless communication systems [9]. The increasing
number of the operation frequency bands creates strong de-
mands for bandwidth extension techniques of PAs. With the
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advent of the 5G era, this demand is even more urgent since
the 5G air-interface will adopt more new frequency bands
and the bandwidth of the transmit signals will also become
much wider. In response to this demand, a lot of efforts have
been made in extending the bandwidth of DPAs recently. By
introducing techniques, such as, integrated compensating re-
actance [10], [11], post-matching structure [12]-[15], complex
combining loads [16], [17], extended high efficiency operation
modes [18]-[22] and reciprocal gate bias [23], the band-
width of the DPA has been greatly extended. Although these
techniques can improve the impedance matching condition
of DPA, impedance mismatch at back-off region still exists
due to limitations of their load modulation network (LMN)
structures, which can decrease the efficiency performance
and also affect the in-band consistency to some extent. It
is therefore desirable to explore new LMN architectures to
provide more precise impedance matching at power back-off
within a wide frequency range while maintaining Doherty load
modulation operation at the same time.

In this paper, a modified LMN architecture is proposed
to provide close to ideal back-off impedance matching at
OBO within a designed bandwidth for Doherty PAs. The
analytical solution of the LMN parameters is given and the
load modulation process of the DPA employing the proposed
LMN is analyzed. A practical approximation method is also
presented to simplify the design of the proposed LMN. It is
illustrated that the proposed DPA can achieve very compact
matching impedance at both OBO and saturation. A wideband
DPA using commercial GaN devices with bandwidth of 2.8-
3.55 GHz is designed and implemented based on the proposed
LMN. For the fabricated DPA, the back-off efficiency of 55%-
60% is achieved within 700 MHz bandwidth.

The remaining part of this paper is organized as follows,
Section II demonstrates the operation principle of the proposed
DPA using a modified LMN. Theoretical analysis of the
proposed LMN and the related LMN parameters are given.
Load modulation process of the DPA using the proposed
LMN is also presented. Section III shows the detailed design
procedure of realizing the proposed DPA with commercial
GaN transistors on a 31 mil Rogers 5880 substrate. In Section
IV, the measurement results and comparison with other state-
of-art wideband DPAs are presented with a conclusion given
in Section V.
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Fig. 1. The block diagram of the conventional DPA.
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Fig. 2. The normalized resistance and reactance of Z¢ in the ideal case, the
conventional DPA, and the DPAs proposed in [10] and [24].

II. THEORETICAL ANALYSIS OF THE PROPOSED DPA

The Doherty power amplifier is usually composed of a
class-B biased carrier amplifier and a class-C biased peaking
amplifier. The block diagram of the conventional DPA is
shown in Fig. 1, in which the active devices are represented
by using current generators (CGs) and Zc and Zp are the
matching impedance of the carrier and peaking amplifiers.
The load impedance Zj, is set to Ropr/2, while Ropr is
the optimal impedance of the carrier and peaking devices. A
quarter wavelength transmission line (TL) with the character-
istic impedance of Rpopr is used as the impedance inverter
to achieve load modulation. At high input power levels, both
carrier and peaking amplifiers are active while the input power
is low, only the carrier amplifier is active. The back-off
efficiency is improved by using the quarter wavelength TL to
provide impedance inversion during the active load modulation
process. This solution is simple but the bandwidth of the
conventional DPA is limited by the quarter wavelength TL
due to its frequency dependent characteristics.

As mentioned earlier, it is very important to maintain
high back-off efficiency for DPA. When considering the DPA
operating in the linear region, the back-off efficiency can be
simply calculated as,

it -real(Zc.0B0)

1
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Fig. 3. Load modulation networks of the proposed DPA.

where Zc opo is the impedance of the carrier amplifier
at back-off at the CG plane. ip and ¢; are the DC and
fundamental current components which have the relationship
of i1/ip = m/2 for class-B mode power amplifiers. V; is the
carrier DC supply voltage. From (1), we can see that the back-
off efficiency of the DPA depends on the value of Z¢ opo.
For a wideband DPA, ideally, Zc oo should be kept at the
same value, i.e.,

2

real(Zc,0B0) = 2Ropr
imag(ZC,OBo) =0.

across a wide bandwidth, and thus a high back-off efficiency,
e.g., 78.5%, can be achieved within the entire operation
bandwidth. Due to the frequency dependent characteristics
of the quarter wavelength TL, in the conventional DPA, this
condition is difficult to satisfy because Zc opo changes when
the operation frequency deviates from the center frequency,
as shown in Fig. 2. In recent years, many works have been
devoted to change the LMN structure to meet this condition,
such as by employing impedance compensation technique [10]
and introducing half wavelength off-set line in the peaking
branch [24]. For comparison, the back-off impedance of the
cases introduced in [10] and [24] are demonstrated. From Fig.
2, we can see that the impedance compensation techniques can
improve the condition to some extent but the mismatch still
exists when the operation frequency band becomes wider. This
mismatch will decrease the efficiency performance and cause
performance inconsistencies within the operation bandwidth.

A. Structure of the Proposed LMN

To satisfy the back-off impedance condition in (2), we
propose a modified LMN with wideband feature as shown in
Fig. 3. The proposed LMN consists of two wideband output
matching networks (OMNs), an off-set line in the peaking
branch and a post-matching transmission line (PMTL). In
practical DPA design, the active transistor devices can not
be simply treated as ideal current generators (CGs) since the
parasitic and package parameters can not be ignored. These
parameters must be considered as part of output matching
network of the DPA. Therefore, two output matching networks,
i.e., OMN-C and OMN-P, shown in Fig. 3, are employed



IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS-I: REGULAR PAPERS, VOL. XX, NO. X, XXXX 201X 3

in the proposed LMN. In this configuration, OMN-C can be
used as an equivalent TL impedance inverter with a specific
phase characteristic while OMN-P provides the matching
function for the peaking device. In the conventional DPA, The
bandwidth is limited by the quarter wavelength TL impedance
inverter due to its frequency dependent feature. It has been
proven that, the bandwidth can be extended by introducing
non-infinite peaking output impedance in DPA designs when
the operation frequency deviates from the center [25]. In the
proposed LMN, the non-infinite peaking output impedance
can also be introduced by designing the phase of OMN-P.
It should be noticed that, the phase shift of the entire peaking
branch should be 180 degrees to ensure the infinite peaking
output impedance at the centre frequency. To provide this
phase shift, an off-set line is added in the peaking branch
as shown in Fig. 3. Because the introduction of the above
mentioned circuits changes the requirement for the combining
load, a post-matching network should be added to maintain
the Doherty operation. In the proposed LMN, the introduced
PMTL provides this function. The two OMNs are assumed to
be lossless two port networks and marched to Zpc and Zpp
at each port in a desired frequency band. In this situation,
Zoc and Zpp can be defined as the equivalent characteristic
impedance of the carrier and peaking OMNs, OMN-C and
OMN-P. The load of the proposed LMN Z7, is set to 2Ropr.
To ensure the Doherty operation at the centre frequency,
Zoc and Zop are set to V2Ropr and Ropr, respectively.
Similarly, the characteristic impedance of the off-set line and
PMTL are both set to v2Rop7. The specific values of Zpc
and Zpp are chosen to provide the minimum impedance
ratio between the combining load and the CG planes at both
back-off and saturation. Based on the above settings, the
LMN parameters that need to be obtained in the proposed
architecture are the phase of OMN-C, 0, and the phase of
OMN-P, o p.

B. Analytical Solution of the proposed LMN Parameters

To obtain the analytic solution of the above mentioned
LMN parameters by using condition (2), Z¢ oo should be
expressed using the related LMN parameters. This expression
can be obtained by using the characteristic of the two port
network. For the two lossless OMNs shown in Fig. 3, the
ABCD matrix can be described as,

cosf  jZysind
A B = | .sinf 3)
C D I~ cos
0

where Zy and 6 are the equivalent characteristic impedance
and phase of the OMNSs, respectively. In addition, the matching
impedance at the CG plane of these OMNs Zgog can be

expressed as,
_ ZounA+ B

ZounC + D @)
where Zoasn is the impedance at the other port of the OMN.

From (3) and (4), the carrier matching impedance Z¢ can
be derived as,

Zca

Zor + jZoc tanfoc
Zoc + jZor tanfoc

Zc = Zoc &)

| ' |
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Fig. 4. 0o and 6pp versus normalized frequency from 0.6 to 1.4.

where Zor is the carrier impedance at the combining point,
and can be calculated as follows at OBO,

Zcr.oo = Zr//Zpr,0BO- (6)

Based on the characteristics of quarter wavelength TLs, Z
and Zpr opo can be derived as follows,
7

iy
Zp+jiZL tan(gf)

Zr,+37E tan(

Zr=2Zg (N

. iy
ZrT,0BO + JZthm(gf)

Zpr,0B0 = ZF : T ®)
Zr + JZFT,OBotfm(§f)

At OBO, since the peaking PA is turned off, the output
impedance at the peaking CG plane thus is,

Zp,oBO = 0. )
From (9) and (4), Zr1,0B0 can be calculated as follows,

1

—_— 10
jtanfpp (10)

ZrT,0B0 = ZOP

Therefore, from the above equations, Zc opo can be ex-
pressed as,

v+ jtanfpc

Zc,oBo = \/iROPTm 1D
where v and § are defined as,
—3tan(Z f) + V20
' V2 — ﬁétan(gf) +jtan(gf) +j6
ﬁtan@optan(gf) -1 1
B tan(gf) +V2tanfop .

In the expression of Zc opo, only 0pc and Opp are
unknown. By using the impedance condition in (2), §p¢ and
0o p can be solved as follows,

boc =5 f _ _
tan3(§f) +4- tan(Ef)
242 — ﬂ-tanQ(gf)

13)

fop = arctan(
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Fig. 5. Back-off drain efficiency of the proposed DPA and conventional DPAs
with respect to normalized frequency.

In this expression, the center frequency is defined as the
frequency when fpc equals to —w/2. When f is normalized
to the center frequency, the value of fpc and Opp versus
frequency can be depicted as shown in Fig. 4. From Fig. 4
we can see, that p¢ is linear with frequency and fpp is
nonlinear. For 6 p, the phase increases first and then decreases
and then arises again, when the normalized frequency changes
from 0.6 to 1.4. It means that we have to find a matching
network to achieve a phase slope which changes from positive
to negative. It is difficult to achieve this phase relationship in
actual circuits. In this work, the negative slope frequency range
is chosen for the proposed LMN design. This frequency range
can be simply calculated by solving the following equation,

dfop(f)

df

From (14), the normalized frequency range with the negative
phase slope is from 0.8 to 1.2. Within this frequency range,
foc changes from —72° to —108°, while 6o p changes from
—75.7° to —104.3°. Once the phase characteristics of 6o and
fop are achieved, the ideal back-off impedance shown in Fig.
2 can be obtained. As mentioned early, when this condition
is satisfied, the efficiency of the proposed DPA within the
designed bandwidth will keep constant to the ideal case as
shown in Fig. 5. The drain efficiency of the conventional DPA
and the DPAs introduced in [10] and [24] at OBO are also
given in Fig. 5 as comparison. It can bee seen that the proposed
DPA shows the best efficiency performance theoretically.

=0 (14)

C. Load Modulation Process Analysis of Proposed DPA

The above analysis gives the analytical solution of the
proposed LMN based on the back-off impedance condition (2).
It should be noticed that this condition only guarantees the per-
formance at OBO. Therefore, to ensure the Doherty operation,
the entire load modulation process when the peaking amplifier
turns on should be discussed. For the proper load modulation
process, due to the increased current ratio of peaking and
carrier, Zo will decrease from 2Rppr to Ropr while Zp
will decrease from infinity to Ropr. For the symmetric DPA,
the peaking PA turns on when the carrier PA generates half

of its maximum power. Thus, mathematically, the relationship
between normalized carrier and peaking current (I and Ip)
in the proposed DPA can be defined as follows,

0<|Ic| <05

15
05<ic] <1

07
Ip = {2]0 cedsl 1,
where Ip/Ic = (|Ip|/|lc]) - ¢'2f, €73 is the phase
difference between the carrier and peaking currents which
can be provided by a quarter wavelength TL added in front
of the carrier input matching network (IMN). Let’s assume
|[Ip|/|Ic| = « and we can see that « will change from O to 1
through the load modulation process. With the change of the
current ratio, the matching impedance of peaking and carrier
will also change. To obtain the carrier and peaking matching
impedance during the load modulation process, the voltage
and current relationship at the CG plane and the combining
node should be discussed.
In terms of the ABCD parameter of OMN-C, the following
relationship between Vi and I can be obtained as,

Ve | _ | Ac Be Ver (16)
Ic CC D¢ Ior
where the matrix ABC' D¢ can be expressed as,
Ac Be cosfoc jV2Roprsinfoc
|: Cc Dc :| - jm COSOOC
V2Ropr
(17)

Moreover, according to the current and voltage relationship at
the combining point, Vo can be expressed by Ior and Ipp,

Vr =Vor = Vpr = (Icr + Ipr) Z7.
Thus, from (16) and (18), V- and I~ can be calculated as,

(18)

Vo =AcZr(Ier + Ipr) + Belor
(19)
Ic =CoZr(Icr + Ipr) + Delor.

For the peaking branch, we can similarly obtain the rela-
tionship between the voltage and current as,

Ve | _ | Ap Bp Ver
Ip Cp Dp Ipr |~
Because the modified peaking output branch is made up of
OMN-P and an off-set line, the ABCD matrix of the peaking

output network is the multiplication of the ABCD matrices of
the two networks and can be expressed as,

(20)

T 1 . T
Ap = cosbop cos(gf) ~ 7 sinfop s1n(§f)

Bp = jRopr(vV2cosfop sin(gf) +sinfop cos(gf))

1 1
Cp = jROPT (sinfop cos(gf) + 7 cosfop sin(gf))

Dp = cosfop COS(gf) - % sinfop Sin(gf)
1)
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Fig. 6. Zc modulation trajectories on the Smith chart within normalized
frequency from 0.8 to 1.2.

From (20) and (18), Vp and Ip can be expressed as,

Vp = ApZr(Ipr + IcT) + Bplpr
(22)
Ip =CpZr(Ipr + Icr) + Dplpr

From above analysis, we hope V- and Vp could be expressed
by Ic and Ip so we can give the expression of Z¢ and Zp.
However, from the expressions of Vi and Vp in (19) and
(22) we can see, Ior and Ipp are also in the expressions. To
eliminate o7 and Ipr in the voltages expressions, we can
combine the expressions of I~ in (19) and Ip in (22). Icr
and Ip7 can be solved as follows,

(CpZr + Dp)lc — CcZrlp
CcZrDp + DcDp + DcCpZr
_ (CcZr + De)Ip — CpZrlc

CcZrDp + DcDp + DcCpZr

Ier =
(23)

Ipy

Now, we can replace Icr and Ipr in the expressions of Vi
and Vp by substituting (23) into (19) and (22). Z¢ and Zp
are derived by Vo /I and Vp/Ip as,

I
Ze = (AcZr(Dp + Dci) + Bc(CpZr + Dp)

I
—BcchTiW(cczTDp + DeDp + DeCp Zr)

I
Zp = (APZT(DPﬁ + D¢) + Bp(CcZr + D¢)

I
_BPCPZTﬁ)/(CCZTDP + DeDp + DeCpZy)
(24)

where Ip/Ic = a-e>f. Once the expression of Z¢ and Zp are
obtained, we only need to sweep the value of « in (24) from
0 to 1, then the matching impedance in the load modulation
process of proposed DPA can be presented. In addition, we
can also obtain the load modulation characteristic at different
operation frequencies.

When the frequency deviates from the center frequency, the
load modulation process of Zo with o varying from O to 1
can be demonstrated as shown in Fig. 6. From the results
we can see, that the carrier matching impedance maintains

a increasing

Fig. 7. Zp modulation trajectories on the Smith chart within normalized
frequency from 0.8 to 1.2.
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Fig. 8. The modified linear o p versus normalized frequency from 0.8 to
1.2.

concentrated within the normalized frequency from 0.8 to 1.2
in the whole load modulation process. When « is changed
from O to 1, Z¢ is changed from 2Ropp to a series of values
very close to Rp pr. It means that the voltage saturation can be
kept and the highest efficiency can be maintained. It should be
noticed that the carrier matching impedance at saturation is not
as compact as that at OBO. This degree of divergence can lead
to some power loss, but the loss is small and thus is usually
acceptable. Similarly, the load modulation of Zp is depicted
in Fig. 7. It can be seen that the peaking matching impedance
at OBO and saturation is very compact within the desired
bandwidth. When « is changed from O to 1, Zp is changed
from infinity to a series of values those also are very close to
Ropr. It means that, at saturation, the peaking PA can provide
equal power as the carrier one and make the DPA maintain
high efficiency performance in the desired bandwidth.

D. Practical Design Consideration

From the above analysis we can see, the required Opp
decreases from —75.7° to —104.3° when the normalized
frequency changes from 0.8 to 1.2, but not linear with the
frequency in this frequency range. It should be noticed that,
this specific phase characteristic is difficult to realize. In [23],
[26], OMNs with approximate linear phase characteristic are
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Fig. 10. Block diagram of the proposed DPA.

proven to be effective for designing wideband DPAs. There-
fore, it is attractive to discuss if we can simplify 6pp using
a linear function while maintain similar Doherty operation
for the proposed DPA. According to the range of the ideal
fop that we solved in (13), pp can be modified to a linear

function as,
0.87

0.27
fop = 3 f+ 5

The modified linear 6o p is shown in Fig. 8. In this linear
function, we keep the minimum and maximum of the ideal
fop unchanged. Using the same method described in the
previous subsection, the modulation process of Zo with the
modified fpp can be demonstrated in Fig. 9. The matching
impedance of the carrier at OBO is no longer concentrated
on one point but still very close to 2Rppr. In terms of
Zc at saturation, the same as that shown in Fig. 6, the
carrier resistance is smaller than the ideal value while the
reactance exists at the same time. This imperfect impedance
will decrease the saturated efficiency and output power to some
extent [25]. Nevertheless, because the carrier impedance just
has a small deviation from the ideal value, the performance
degradation caused by it will be acceptable.

From the above analysis we can see, that the proposed DPA
not only has a wideband feature at OBO, but also maintains
this feature at saturation. Moreover, from (23), the defined
phase difference between the carrier and peaking PAs is —/2
at the center operation frequency, which can be realized by
introducing a 50 2 quarter wavelength TL in front of the input
matching network (IMN) of the carrier amplifier. Besides, a

(25)

Current-generator
Plane

L T e B LR
@ JossnH | 01nH | O1nH |
§I1-22 pF 10.25 pF 10.25 pF |

Package Plane

Fig. 11. Equivalent parasitic model of package of CGH40010F.

post matching network is required to achieve 2Ropr to 50 2
matching after the PMTL. Because there is no load modulation
process in the post-matching network, it is easy to design this
network within the desired bandwidth. The block diagram of
the proposed DPA can be built as shown in Fig. 10.

III. DESIGN OF THE PROPOSED DPA

To demonstrate the proposed design, commercial GaN
HEMTs CGH40010F transistors from Wolfspeed were used.
The DPA was fabricated on 31 mil Rogers 5880 substrates
with dielectric constant of 2.2. The drain supply voltage Vpg
was set to 28 V. The maximum current of the device was
1.5 A. Thus, Ropr of the used device was estimated to 32 (2
considering the knee voltage was about 4 V [14]. The designed
band of the proposed DPA was from 2.95 GHz to 3.65 GHz.
To design the LMN for the proposed DPA, the transistor model
should be de-embeded first because the discussion in Section II
is based on the calculation at the current generator plane. The
circuit introduced in [27] was used to model the parasitic and
package as shown in Fig. 11. According to the block diagram
shown in Fig. 10, the circuits details of the proposed DPA
could be realized as shown in Fig. 12. The design details are
given as follows.

Firstly, based on the analysis in Section II, the OMN-C and
OMN-P were realized with the consideration of absorbing the
parasitic parameters of transistors. The target value of Zpc
and Zpp was equal to V2Ropr and Ropr, which was 45 Q
and 32 ), respectively. The target 0oc and 0op were —90°
at 3.3 GHz. Considering including the drain bias lines for
carrier and peaking PAs in both OMN-C and OMN-P, the T-
shape TL structures were employed as shown in Fig. 12. As
the target was simple, the specific parameters of the TLs were
directly optimized to achieve the required matching impedance
and phase relationship with the load value of V2Ropr and
Ropr. The designed phases and impedance trajectories of
OMN-C and OMN-P are shown in Fig. 13. From Fig. 13 (a),
the phase of OMN-C is changed from —74° to —105°, while
the phase of OMN-P is changed from —77° to —102°. This is
very consistent with what we solved in Section II. In addition,
the designed Zpc and Zpp are shown in Fig. 13(b) on Smith
Chart with the reference impedance of 45 2 and 32 2. It can
be seen that the trajectories of Zpc and Zpp are concentrated
to the center of the Smith Chart with the frequency range from
2.95 GHz to 3.65 GHz. These results show the designed OMNSs
satisfy the requirement of the proposed OMNs.

Secondly, the PMTL and peaking off-set line with
impedance of Zp were designed. PMTL was realized by using
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Fig. 14. Designed Zo from 2.95 GHz to 3.65 GHz (a) at OBO and (b) at
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Operate impedance at back-off
Operate impedance at saturation

a 90° TL with characteristic impedance of 64 €2 as shown in
Fig. 12. Z was realized by using a 90° TL with characteristic
impedance of 64 () after OMN-P. In practice, due to the non-
ideal DC blocking capacitors and the difference between the
actual circuits and theoretical assumptions, PMTL and off-set
line should be slightly adjusted. After the output network of
the proposed DPA had been designed, the designed Z. at
OBO and saturation can be obtained as shown in Fig. 14 on
the Smith Chart with the reference impedance of 32 2. From

24 26 28 30 32 34 36 38 40 42 44 46
Output power (dBm)

Fig. 15. Simulated drain efficiencies and gains of the fabricated DPA versus
output power at different frequencies.

Fig. 14 we can see, that Z¢ is close to 2Ropr at OBO and
Ropr at saturation. The result is in a good agreement with
that derived from the theory.

Thirdly, because the different modes are utilized for carrier
and peaking amplifier, the different input matching networks
(IMNs) should be designed for them. Stepped TL structure
were employed to realized IMNs. A 50 2 TL was then applied
in front of the IMN-C to compensate the phase difference
between the two amplifiers. Besides, a 3 dB Wilkinson divider
was employed at input to split the input signal.

The EM simulation of the entire DPA was run in ADS
Momentum from Keysight. The Vg of carrier was set to
-2.95 V with the quiescent current 70 mA, while the Vgg
of peaking was set to -6.2 V. The simulated drain efficiency
and gain of the proposed DPA versus the output power are
presented in Fig. 15. From Fig. 15 we can see, that higher than
60.0% drain efficiency (DE) can be achieved at 6 dB back-off
across the designed band. Besides, 66.0% to 79.0% DE can be
achieved at saturation with the output power from 44 dBm to
45.0 dBm. In addition, the DPA achieves gain compression of
2.3 dB to 4.0 dB at saturation. To better illustrate the simulated
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Fig. 16. Simulated drain efficiency, output power and gain versus frequency
at 2.95-3.65 GHz.

Fig. 17. Fabricated PCB circuit of the designed DPA.

performance of the DPA cross a wide bandwidth, the simulated
results versus frequency from 2.95-3.65 GHz are shown in Fig.
16.

From the above simulation results we can see that the
Doherty operation can be obviously achieved by the proposed
DPA. It should be noticed that, the efficiency and gain curves
are almost flat across a wide bandwidth, especially at OBO
region. This means the designed DPA presents consistent
performance within the designed band, which greatly benefits
the linearity of the DPA when driven by wideband modulated
signals.

IV. MEASUREMENT RESULTS

The photo of the fabricated circuits of the proposed DPA
is shown in Fig. 17. The DPA was measured using both
continuous-wave (CW) and wideband modulated signals. The
tested frequency band was from 2.80 GHz to 3.55 GHz. The
fabricated DPA has a frequency shift of 100 MHz compared
with the simulation, which might be caused by the model
and fabrication inaccuracies. In the measurements, the CW
and modulated signals were both generated by a vector signal
generator, and the output power was tested by a spectrum
analyzer. A broadband linear driver was used to amplify
the input signal to the required power level. During all the
measurements, the proposed DPA was biased with carrier
quiescent current of 70 mA and peaking gate DC voltage of
-6.6 V. The drain supply voltages of the carrier and peaking
PAs were both set to 28 V.

80 T T T T T T L 16
—=—2.80 GHz A
70— 2.90 GHz
< ol A 3100Hz
%’ i 3.30GHz
< 5oL — ¢ 3.50GHz )
= S
0 40 =
c
T 30} N
a AF
20t
10 1 1 1 1 1 1 1

30 32 34 36 3B 40 42 M4
Output Power (dBm)

Fig. 18. Measured drain efficiency and gain versus the output power at 2.80-
3.55 GHz.
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Fig. 19. Measured drain efficiency, output power and gain versus frequency
at 2.80-3.55 GHz.

A. Measurement Results with CW Signals

The fabricated DPA was firstly measured using CW signals.
Fig. 18 shows the measured drain efficiency and gain versus
the output power at different operation frequencies. It can be
seen that Doherty operation was achieved in the measured
band. The proposed DPA achieves drain efficiency from 50.0%
to 60.6% at 6 dB OBO region from 2.80 GHz to 3.55 GHz.
To better present the wideband performance of the proposed
DPA, the measured drain efficiency, maximum output power
and gain versus operation frequency are presented in Fig. 19.
From the results, we can see that the DE curve at 6 dB OBO
is fairly flat from 2.80 GHz to 3.5 GHz. It is worth noticing
that within 700 MHz bandwidth, the back-off drain efficiency
of the fabricated DPA is higher than 55%. It is consistent
with our theory analyzed in Section II. For the saturation,
the DE of 66.0% to 78.0% is achieved. Moreover, maximum
output power of 43.2 dBm to 45.0 dBm is achieved with
small signal gain from 9.3 dB to 11.1 dB. From the results,
we can see that the measured efficiency and output power
are slightly lower than that in simulation and the operation
frequency of the fabricated DPA also slightly deviates from
that in simulation. This might be caused by the inaccuracy of
the transistor model especially that in class-C operation [12].
The fabrication accuracy also affects the measured results to a
certain extent. Nevertheless, the measurement results matched
with that in simulation reasonably well within the desired
frequency band.
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Fig. 21. Output Spectrum under 40 MHz 6.5 dB PAPR OFDM signal
stimulation at 3.20 GHz.

B. Measurement Results with Modulated Signals

To evaluate the capability of the proposed DPA under
modulated signal stimulation, two OFDM signals with dif-
ferent signal bandwidth were employed for the measurement.
Firstly, the fabricated DPA was measured using a 40 MHz
signal with 6.5 dB PAPR at different output power levels and
operation frequencies. Fig. 20 shows the measured average
drain efficiency and adjacent channel power ratio (ACPR)
versus the average output power at 3.20 GHz. It can be
seen that the proposed DPA presents excellent average drain
efficiency performance and also good linearity. The measured
average output power changes from 31.2 dBm to 39.4 dBm
while the ACPR maintains better than -30.3 dBc. At 39.4 dBm,
the average efficiency achieves 63.1%.

Digital pre-distortion (DPD) was then applied to correct
the non-linearity of the proposed DPA at the same frequency.
The linearity performance was measured using the Magnitude-
Selective Affine (MSA) function model [28] and the proposed
DPA was linearized with a closed-loop estimator. With DPD,
the ACPR was improved from -35.3/-32.3 dBc to -53.6/-53.7
dBc at 3.2 GHz as shown in Fig. 20. The related average
output power was 38.4 dBm and the average drain efficiency
was 56.7%. More measured results under the 40 MHz OFDM
signal with 6.5 dB PAPR are given in Fig. 22. After DPD, the
fabricated DPA had average drain efficiency of 49.1%-57.2%
and ACPR better than -51.4 dBc from 2.9 GHz to 3.5 GHz.

To further demonstrate the performance of the proposed
DPA under wideband signal stimulation, another measurement

0 - - . 20
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Fig. 22. Measured average DE and ACPR at 2.9-3.5 GHz using the 2-Carrier
40 MHz OFDM Signal.
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Fig. 23. Output Spectrum under 120 MHz 7.0 dB PAPR OFDM signal
stimulation with 37.3 dBm at 3.20 GHz.

under a 6-carrier 120 MHz OFDM signal with 7.0 dB PAPR
was performed at 3.20 GHz. Fig. 23 shows the output spectrum
with and without DPD at 3.20 GHz. The average drain
efficiency of 53.3% was achieved with 37.3 dBm average
output power. The ACPR was improved from - 36.1/-30.1 dBc
to -50.7/-50.4 dBc. The AM/AM and AM/PM under 120 MHz
OFDM signal stimulation are shown in Fig. 24, where we can
see that the non-linearity can be effectively corrected after
DPD is performed.

C. Performance Comparison

Table I summarizes the performance comparison of some
recently reported wideband PAs with high back-off efficiency
performance. 7,,: and 7, represent the drain efficiency at
saturation and 6 dB OBO. It can be seen that, compared
with the other published PAs, the proposed DPA demonstrates
excellent efficiency performance at both the OBO region and
saturation while attains comparable bandwidth performance.

V. CONCLUSION

A new DPA architecture with extended bandwidth and back-
off efficiency by using a modified LMN has been proposed
in this paper. Compact back-off impedance can be achieved
by employing the proposed LMN. The analytical solution
of the LMN parameters and the load modulation process of
the proposed DPA were presented. The proposed DPA was
designed by using commercial GaN transistor within 2.80 GHz
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TABLE 1
PERFORMANCE COMPARISON
Ref Freq Pout Gain Nsat Nbo B.W. | Technology | Architecture
(GHz) (dBm) (dB) (%) (%) (%)

[5] 1.8-27 | 40.5-414 | 89-13.0 54-73 47.5-54.0 20 GaN Doherty
[10] 1.7-2.8 44-445 | 13.2-15.7 57-71 50-55 48 GaN Doherty
[12] 1.7-26 | 44.6-463 | 102-11.6 57-66 47-57 41.8 GaN Doherty
[20] | 1.65-2.75 | 44.5-46.3 | 9.3-11.7 60-77 52-66 50 GaN Doherty
[29] 3.0-3.6 43-44 8-11 55-66 38-56 182 GaN Doherty
[30] 47-53 | 39.0-39.5 715 52-67 29.7-33.1 12 GaN Doherty
[31] 1.8-3.8 42-44 7.5-11 37-59* 29-45* 71.4 GaN LMBA
(32] 15-3.8 | 42.3-43.4 8-11 42-63 33-55 87 GaN Doherty

s | 280355 | 43.0-450 | 8390 | SETS | MO 362 | GaN Doherty

* Power added efficiency
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Fig. 24. AM/AM and AM/PM under 120 MHz 7.0 dB PAPR OFDM signal
stimulation at 3.20 GHz.

to 3.55 GHz band. Measured drain efficiencies of 55%-60%
were achieved at 6 dB back-off within 700 MHz bandwidth.
From the simulation and measurements results, we can see
that, the proposed DPA can achieve high efficiency at back-off
region with wideband performance. The proposed architecture
provides a promising solution for high efficiency PAs for
wideband applications.
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