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Broadband RF-Input Continuous Mode Load
Modulated Balanced Power Amplifier
With Input Phase Adjustment

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

Abstract—This paper presents the theory and design method-
ology of broadband RF-input continuous mode load modulated
balanced power amplifier (CM-LMBA) by introducing the contin-
uous mode output matching networks in the LMBA architecture.
It is illustrated that the continuous mode impedance condition
can be achieved by properly adjusting the phase difference
between the different PA branches in the proposed CM-LMBA
during the entire load modulation process. An RF-input CM-
LMBA with 1.45-2.45 GHz bandwidth using commercial GaN
transistors is designed and implemented to validate the proposed
architecture. The fabricated CM-LMBA attains a measured 11.2-
13.4 dB gain and around 40 Watts saturated power. Power added
efficiency (PAE) of 46.4-56.5% and 43.2-50.3% is achieved at 6 dB
and 8 dB output power back-off throughout the designed band.
When driven by a 100 MHz OFDM signal with 8 dB peak to
average power ratio (PAPR), the proposed CM-LMBA achieves
better than -46 dBc adjacent channel leakage ratio (ACLR) and
higher than 45% average PAE after digital pre-distortion at 1.8
GHz and 2.1 GHz.

Index Terms—S5G, broadband, continuous mode, high effi-
ciency, LMBA, load modulation, power amplifier.

I. INTRODUCTION

OWER amplifier (PA) is one of the most important
components in modern wireless communication systems
since it plays a critical role in affecting efficiency, linearity
and bandwidth performance of the system [1]-[3]. Over the
past decades, with the rapid development of wireless commu-
nication standards, bandwidth extension of high-efficiency PAs
becomes one of the most popular topics in PA research, re-
sponding to the demand of supporting multi-band/multi-mode
operation. Among the published bandwidth extension solutions
for PAs, the continuous mode technique has received wide
attentions since it provides a systematic design methodology
for realizing high-efficiency broadband PAs from theory to
practice. Continuous mode PAs have been implemented in
various classes, e.g., continuous class B/J [2] and continuous
class F/F~1 [4].
Modern wireless systems commonly employ modulated
signals with high peak to average ratio (PAPR) to optimize
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utilization of the scarce spectrum resources, which creates
strong demands for PAs with high efficiency performance
at back-off. Many PA architectures, such as Doherty power
amplifier (DPA), envelope tracking and out-phasing, have been
introduced to improve the PA efficiency at output power back-
off (OBO). Among them, the DPA possesses high reliability
and low complexity, making it become the most widely used
architecture in cellular base-stations. It is inevitable that the
architecture of DPAs has been modified to achieve wider
bandwidth over the past decade. By introducing techniques
such as post-matching [5]-[12], complex combining loads
[13], [14], modified load modulation network [15], [16] and
dual-mode operation [17], [18], the bandwidth of the DPA has
been greatly extended. Recently, some new PA architectures
with high back-off efficiency and broadband feature have also
been presented with novel load modulation operation, such
as the load modulated balanced power amplifiers (LMBAs)
[19]-[26] and distributed efficiency amplifiers (DEPAs) [27],
[28]. Nevertheless, most of these techniques only focus on
the fundamental impedance conditions, the high efficiency
performance of the DPAs might not be guaranteed in the entire
designed band.

It is attractive to introduce the continuous mode technique
in high back-off efficiency PA architectures, because the
continuous mode solution provides not only the possibility
of bandwidth extension but also the flexible high efficiency
design space. However, there are only few studies to date to
explore this interesting topic. In [29] and [30], efforts have
been done to combine the continuous mode technique and
Doherty architecture by introducing modified load modulation
networks (LMNSs). However, for the continuous mode DPAs
(CM-DPAs) in [29] and [30], only back-off impedance can
satisfy the continuous mode requirement throughout the design
bandwidth. When the output power is gradually increased, the
fundamental impedance of the reported CM-DPAs will de-
generates into class-B condition correspondingly. This feature
reduces the in-band consistency of the CM-DPAs and also
could decrease the efficiency performance to some extent in
the Doherty power region. It is difficult to solve this problem
because the requirements of load modulation and continuous
mode impedance might be contradictory in the DPA operation.
The mutual influence between the LMN and output matching
networks (OMNSs) further increases the difficulty. For the same
reason, it is also difficult to introduce the continuous mode
technique into out-phasing or DEPA architectures.
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Different from the above various architectures, load modu-
lation in LMBAS is realized by injecting a control signal to a
balanced PA pair. This configuration provides the possibility
of designing the LMNs and OMN:s relatively independently
while maintaining the effective load modulation operation.
This makes it easier to realize the continuous mode load mod-
ulation in LMBAs. However, as a relatively new technique,
this feature has not been thoroughly studied and utilized. For
example, the reported broadband LMBAs in [20]-[22] do not
employ complete OMNs in the balanced PA. The reported
RF-input LMBA in [23], sequential-LMBA (SLMBA) in [31]
and phase controlled LMBA in [32] employ OMNs while
the bandwidth performance and impact from the OMNSs have
not been analyzed in detail. In [33], the proposed Pseudo-
Doherty LMBA (PD-LMBA) employs OMN for the carrier
PA with similar system configuration to the SLMBA in [31]
and achieves 57% fractional bandwidth with 10 dB OBO level,
verified the feasibility of using OMNs in broadband LMBA-
like architectures. The RF-input LMBA introduced in [23] has
proven that Doherty-like operation can be achieved by the
LMBA with RF-input structure. It is thus interesting to explore
the possibility of bandwidth enhancement in RF-input LMBA
structures by using the continuous mode output matching
networks (CM-OMNSs) while maintaining the Doherty-like
performance.

In this paper, we proposed a novel RF-input LMBA archi-
tecture which employs the CM-OMNS. It is illustrated that
the continuous mode impedance condition can be achieved by
properly adjusting the phase difference between the different
PA branches in the proposed CM-LMBA during the entire load
modulation process. By employing different continuous mode
load modulation at different operation frequencies, broadband
CM-LMBA can be successfully realized. A broadband RF-
input CM-LMBA using commercial GaN transistors is then
designed and fabricated to validate the proposed architecture.
The implemented CM-LMBA presents excellent efficiency
performance within a broad bandwidth.

The remaining part of the paper is organized as follows,
Section II presents the theory of the proposed RF-input CM-
LMBA. Section III shows the detailed procedures of realizing
the CM-LMBA with commercial GaN transistors on a 31 mil
Rogers 5880 substrate. In Section IV, the experimental results
are presented with a conclusion given in Section V.

II. THEORETICAL ANALYSIS

The original LMBA described in [19] is a dual-input PA
system based on balanced PA pair with injected control signal.
It has been illustrated that active load modulation can be
performed for the balanced PA pair by adjusting the amplitude
and phase of the control signal. By properly changing the
control signal characteristic at different operation frequencies,
LMBAs can achieve high efficiency performance at the OBO
throughout broad bandwidth. The original LMBA has been
generalized to the RF-input architecture in [20] and [23]
by using a control amplifier as the control signal source,
especially achieves the Doherty-like performance in [23].
As mentioned earlier, the continuous mode operation has
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Fig. 1. Proposed RF-input CM-LMBA architecture.

the potential to extend the bandwidth of RF PA with high-
efficiency performance but it has not been fully exploited in
LMBA design to date. In this paper, CM-OMNs are introduced
in the balanced PA pair to improve the efficiency performance
while maintaining broadband characteristic of the LMBA.

A. RF-Input CM-LMBA Architecture

Fig. 1 presents the proposed RF-input CM-LMBA architec-
ture. In this architecture, two class-B biased PAs with CM-
OMNs are used as the carrier balanced PA pair. A class C
biased PA is employed to realize the function of the control
signal as the peaking PA. The peaking PA is turned off at
the OBO, meanwhile, the carrier PAs are matched to required
continuous mode impedance with high resistance to provide
high back-off efficiency. When the peaking PA turns on, load
modulation is performed for the carrier PAs to continuous
mode impedance with smaller resistance, making the carrier
PA generate more power while maintaining high efficiency
status. The phase adjusting network provides the required
phase relationship between the carrier and peaking PAs. Unlike
other LMBA architectures, CM-OMNs are employed in the
proposed LMBA to provide continuous mode operation, which
makes the load modulation process become different.

The same as that in the original LMBA architecture, the
voltage and current relationship at the four ports of the
proposed CM-LMBA output coupler can be expressed as,

Vi 0 0 —v2 —j | [h
Vo —j_—jv2 0 0 I
=7 1
Vs “l=iv2 =i 0 0 i O
Vi 0 0 —j —jv2] |
where Z is the reference impedance of the output coupler.
Assume I; = —jlp,, Io = —I, and I3 = —jl,ei%%, we
can obtain the modulated impedance at port 1 and port 2 as,
I, .
7y = Zo = Zpa = Zo(1 — ﬁlﬂeﬂ%k). )
ba

where ¢, is the added current phase difference between port
3 and port 2. Meanwhile, the impedance at port 3 Z,;, keeps
constant to Zj.

At OBO, because I, = 0, it is obvious that Zy, o0 = Zo.
In this situation, there is no difficulty for matching Zj to the re-
quired continuous mode impedance within a broad bandwidth
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by using any reported CM-OMNSs. This means the proposed
architecture can easily achieve high back-off efficiency at OBO
within broad bandwidth. However, when the peaking PA turns
on, the used CM-OMN will affect the load modulation process
of the LMBA. It is necessary to discuss the operation of the
load modulation in the proposed CM-LMBA in detail.

B. Load Modulation in CM-LMBA With Input Phase Adjust-
ment

To analyze the load modulation process of the proposed
CM-LMBA, the theoretical block diagram shown in Fig. 2
is introduced here. In this configuration, the active devices
are represented by three ideal current generators (CGs). We
will use the class B/J continuum as the example to illustrate
the load modulation in CM-LMBA. Let’s assume the optimal
class-B impedance of the carrier CGs is Ry, . at saturation.
The corresponding impedance of the continuous class-B/J
mode should be R,y (1 + j - o), where « is the parameter
related to different voltage waveform and —1 < o < 1 [2],
[30]. To obtain high back-off efficiency, the proposed CM-
LMBA should provide larger impedance at the carrier CG
plane at OBO while maintaining the continuous mode feature.
The required fundamental carrier impedance at CG plane Z,
can be expressed as,

{ch,obo = ﬁRopt,c(]- +j : O[)

‘ 3)
ch,sat = Ropt,c(l +7- Oé)

where (3 is defined as the impedance ratio between OBO and
saturation at the carrier CG plane.

As mentioned in the previous subsection, at OBO, Zy, opo =
Zy. Therefore, the CM-OMN in Fig. 2 should match Z,
to BRopi(l + j - o). When the peaking PA turns on, Z,
will be modulated based on (2). To simplify the analysis
of the continuous mode load modulation process, we use an
equivalent network shown in Fig. 3 to represent the CM-OMN.

1 1
\/%(17)

Normalized Current

0 1p 1
Normalized Input Amplitude

Fig. 4. Carrier and peaking current relationship of the proposed CM-LMBA.

This equivalent network consists of a real to real matching
network R-OMN and a series reactance component. To provide
the same continuous mode impedance at OBO, R-OMN should
match Zy to SRyt and the added reactance value X should
be afBRopt,. In this situation, the required impedance at the
matching port of R-OMN should be,

Zr,obo = BRopt,c (4)
Znsat = Ropt,c(1 _j : (ﬁ - 1)0&)

The related reflection coefficient at saturation can be calcu-
lated as,

Z’r‘,sat - Z’r,obo

FT sa = = 5 - 5
sat Zr,sat + Zr,obo ( )
Substituting (4) into (5) we can obtain,

(1 _ 5)\/@ . J arctan o (6)

Lysat = - .
,sat 25_(6_1) /1+a2_€jarctana

At OBO, R-OMN is matched at both ports. Assuming R-OMN
is a lossless network, the S parameter matrix of it can be
expressed as,

R 0 it

where ¢, is the phase shift of R-OMN. Based on the method
in [30], [34], at saturation, the required reflection coefficient
at the coupler port 1 and 2, I'y, can be calculated as,

Fba,sat = Fr,sat : eij2¢r- (®)
Substituting (6) into (8), we obtain

(1 o ﬂ) /1 T o - ej(arctan(a)72¢,.)

r a,sat — - . 9

ba,sat Qﬁ_(ﬁ_1)4/1+a2,6]arctan(a) ( )
Meanwhile, I'y, can be also expressed as
Zba sat — ZO

r a,sat = : . (10)
’ ! Zba,sat + ZO

Based on (2), to obtain the calculation of (10), the relationship
between I, and I, can be found out.

In [19], the current magnitude relationship without OMNs
is given. It should be noticed that CM-OMN provides a
specific impedance transformation ratio while different con-
tinuous mode impedance provides same output power ability.
Therefore, based on the analysis in [19], the normalized
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current relationship between the peaking and carrier CGs in
the proposed architecture can be simply modified as follows,

0,
1 1
E(ICQ - B)v

where N is the real to real impedance transformation ratio of
the CM-OMN, which can be expressed as,

SIcg<

VN - Iy = (11)

— @

Sy <

= 2

Zy
N = (12)
ﬁ Ropt c
Fig. 4 presents the normalized carrier and peaking current

relationship.
According to (11), the normalized peaking current at satu-

ration can be expressed as,
1 1

Lok sat = —=(1— — 13

ot = o= 5) 4

Besides, based on the feature of the lossless two-port
network we can obtain the normalized balanced current as,

1 B 1 . .
m(e—mr - j(B —1)(1+ ja)sin ;)
(14)

Therefore, according to (2), (10), (13) and (14) we can
obtained the following expression,

(1= B)V1+ a2 - el (Sre=or)
26 _ (ﬁ _ 1)‘ /1 + 062 . ejarctan(a) :
From (9) and (15) we can know, to achieve the required

carrier continuous mode impedance at saturation, the following
phase relationship should be satisfied,

Iba,sat =

15)

ba,sat —

¢pr = arctan(a) — ¢y. (16)

Equation (16) indicates that the required continuous mode load
modulation can be achieved by introducing phase adjustment
element in front of the peaking branch to satisfy this phase
relationship.

Using the similar method, it can be proven that, when (11)
and (16) are both satisfied, the continuous mode impedance
condition will be achieved at the carrier CG plane during
the entire load modulation process. Fig. 5 shows the load

—
Py =arctana — ¢,

C

Z,, Load

a=1
{ oo
Modulation )

/

Z,, Load Q Y 00""¢r = 275"
Modulatlok ’—/
(a) (b)

Fig. 6. Load modulation example of Z.4 and Z, when oo = 1 and ¢ # 0
on Smith chart with reference impedance of BRopt,c: (a) Zcg and (b) Zpg.

modulation of Z 4, and Z;, when ¢, = 0 as an example on
the Smith chart. The reference impedance of the Smith chart
is set to BR,pt ... It can be seen that, for different value of o,
the load modulation of 7, is different. Nevertheless, once we
adjust the phase ¢, to satisfy the condition ¢, = arctan(a),
the corresponding continuous mode load modulation can be
correctly achieved at the carrier CG plane.

Fig. 6 shows the load modulation of Z., and Z, for
different ¢,.. Due to the similarity of feature, only the situation
when o = 1 is given in Fig. 6. The reference impedance of
the Smith chart is also set to SR,pt . It can be seen that,
the required load modulation curve of Z;, undergoes phase
deflection as the value of ¢, changes. Nevertheless, regardless
of how the load modulation curve of Z;, is deflected, as long
as the condition (16) is satisfied, the continuous mode load
modulation of Z., does not change.

From the above analysis we can see that, the phase adjust-
ment of the proposed CM-LMBA is dependent on the specific
continuous mode impedance value and the phase shift of R-
OMN ¢,.. It should be noticed that, the physical meaning of
¢, is the phase shift of the CM-OMN when its two ports
are in perfect match. We can directly obtain the required
adjusting phase by measuring the phase of a practical CM-
OMN. However, both carrier and peaking PAs employ OMNs
in practical designs, so it is difficult to give an accurate value of
the required ¢y, based on practical network phase relationship.
It is thus more feasible to obtain the target phase relationship
between the carrier and peaking PAs for adjusting ¢,, by
employing the dual-input architecture or circuits simulation
method in the practical design, and then design a phase
adjustment network to provide this required phase in the front
of the peaking PA as the structure shown in Fig.1.

It should be noticed that, for the peaking PA, it is theoreti-
cally easier to realize the continuous mode operation because
there is no load modulation process at the isolation port of
the output coupler. Therefore, for the proposed CM-LMBA
architecture, continuous mode operation can be built for both
the carrier and peaking PA, and thus broadband and high
efficiency performance will be easier to achieve.
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C. Theoretical Performance of the CM-LMBA

Because the continuous mode impedance does not affect the
output power, the output power of the proposed CM-LMBA
at OBO and saturation can be calculated as,

Pout,obo = %Ropt,c
1 1 a7
Poutsat = 2]%opt,c + 5(1 - E)QﬁRopnc

Therefore, the OBO level of the proposed CM-LMBA can be
calculated as,

P, —1)?
OBO _ out,sat — 6+ (B )

18
Pout,obo 4 ( )

From (18) we can see, that the CM-LMBA presents different
OBO levels for different values of /3.

It should be noticed that for the continuous mode class B/J
PA, the efficiency performance is the same as the class B
mode no matter which specific impedance is used. Because
the continuous mode impedance condition is always satisfied
throughout the entire load modulation process for the proposed
CM-LMBA, the ideal efficiency will be the same as the
situation when o = 1. Fig. 7 presents the efficiency of the
proposed CM-LMBA versus OBO levels for different values
of B. It can be seen that, when  changes from 2 to 5, the
OBO level is extended from 3.5 dB to 9.5 dB.

Fig. 8 shows the theoretical gain of the proposed CM-
LMBA versus OBO levels for different values of 3. It can
be seen that, as the level of OBO increases, the gain compres-
sion becomes larger. The gain compression is caused by the
load modulation of the carrier PA, as the carrier impedance
becomes smaller with the increase of the driven power level. It
is worth to mention that, the gain compression results shown in
Fig. 8 are based on the ideal linear voltage controlled current
source model. In practical active devices, the gain compression
may not be as severe as that in theory and thus the linearity
of fabricated CM-LMBAs could be better than that predicted
in the theory.

D. Harmonic Impedance Control

The above subsections illustrate the fundamental load mod-
ulation process of the proposed CM-LMBA, it is assumed
that the required harmonic impedance condition has been
satisfied throughout the load modulation process. To ensure
the efficiency performance at OBO, the CM-OMN should be
designed to satisfy the second harmonic impedance condition
of the corresponding continuous mode as follows,

3
ch7ob0[2] = /8R0pt,c(_]§

It is relatively easy to achieve this required second harmonic
impedance condition at OBO, guaranteeing the correspond-
ing continuous mode operation. However, it is difficult to
avoid mismatch of the second harmonic impedance for the
carrier PA when the output power is higher than the back-off
level. Nevertheless, this kind of mismatch would not make
the performance of the proposed CM-LMBA drop so much.
Firstly, the condition (19) ensures that the second harmonic
impedance is pure reactance while the non-zero resistance
of the second harmonic impedance has a greater impact on
the performance [35]. Secondly, the closer to the back-off
region, the less obvious the mismatch. In [35], the impact
on the efficiency from the mismatch of the second harmonic
impedance of continuous class B/J mode was discussed. When
considering the pure reactance situation, the ideal efficiency
will not drop by more than 5% even if the mismatch deviation
of second harmonic reactance reaches £0.5«. Based on the
LMBA theory, there is no load modulation for the peaking
PA, thus the second harmonic impedance of the peaking PA
should be constant throughout the whole output power range.
Therefore, it should be easier to design the peaking OMN
which can provide the required peaking second harmonic
impedance.

). (19)

III. DESIGN OF THE PROPOSED CM-LMBA

To validate the proposed architecture, an RF-input CM-
LMBA using GaN transistors was designed and fabricated, the
target bandwidth was 1.5-2.5 GHz. Commercial GaN HEMTs
CGH40010F from Wolfspeed were used as active devices for
the carrier PAs. R, of the used transistor was 32 (2 for class
B operation [9], [30]. The designed CM-LMBA was realized
on a 31 mil thick Rogers 5880 substrate with the dielectric
constant of 2.2. In the design, 8 = 4 was chosen to provide
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8 dB OBO. For this configuration, we could obtain N = 0.39
and Ipg sqt = 0.851.4 sq¢ based on (11) and (12). In this con-
figuration, the power ratio between the peaking and one carrier
branch ccould be calculated as (501, ,,)/ (3212, i.¢) = 1.12.
Because the maximum peaking power was so close to the
carrier one, CGH40010F was then also chosen as the peaking
active device.

It was necessary to firstly design a broadband coupler for
the balanced PA pair at both the input and output of each
carrier continuous mode PA. Fig. 9 presents the schematic
of the designed broadband coupler, multi-stage branch line
structure was employed to achieve the target bandwidth. Fig.
10 shows EM-simulated S-parameter characteristic of the
designed coupler. It can be seen that the designed coupler
effectively provides the required phase difference between port
3 and port 4 with less than 2 degree fluctuation while the
transmission characteristic are deviated from the ideal value.
The input and output couplers employed the same structure.

After designing the broadband coupler, a CM-OMN was
designed to achieve the required conitinuous mode impedance
at OBO for the two carrier branches. Fig. 11 presents the cir-

Bypass
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Fig. 11. Schematic of the designed CM-OMN.
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Fig. 12. Simulated matching results of the designed CM-OMN from 1.5 GHz
to 2.5 GHz on Smith chart with reference impedance of BRop¢.

cuits details of the designed CM-OMN. Because the required
continuous mode impedance should be obtained at the CG
plane, the parasitic and package components were absorbed in
this designed CM-OMN. The specific values of the parasitic
and package components were obtained from the de-embeded
transistor model introduced in [9]. It should be noticed that,
the specific circuit structure of the CM-OMN would not affect
the operation of the CM-LMBA and the design method of
CM-OMNSs have been presented in many publications [4],
[35]-[38], so we would not discuss how to design the CM-
OMN in detail in this paper. A simplified transmission line
(TL) structure of the matching network introduced in [18] was
used to obtain the specific value of the designed CM-OMN as
shown in Fig. 11. For the carrier branch, the matching results
within the designed band at the CG plane was presented on
the Smith chart in Fig. 12, where the reference impedance of
this Smith chart was set to SR,p¢. It can be seen that, both the
fundamental and second harmonic matching results are close
to the ideal continuous Class B/J impedance. The structure of
the peaking OMN (POMN) was similar to the CM-OMN. As
we early mentioned, there would be no load modulation in
the peaking branch in theory, so the function of the POMN
was directly matching the coupler reference impedance to the
required peaking impedance at saturation. We will not discuss
the POMN design here in detail.

Broadband input matching network (IMN) was then de-
signed to ensure gain performance in the designed band. The
carrier and peaking branch used the same IMN in this design.
Stepped TL structure was used to design the IMN with a
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Fig. 15. Simulated transmission results of the designed broadband uneven
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Fig. 18. Simulated PAE versus output power at 2.0 GHz with different input
phase adjustment.

large resistance in the gate bias line. The specific value of
the components in IMN is shown in Fig. 13. A two-stage
broadband uneven power divider was designed to provide
the required power distribution from 1.5 GHz to 2.5 GHz.
The circuits detail of the designed power divider is shown
in Fig. 14. It should be noticed that, the power distribution
ratio between the carrier and peaking branches should be 2:1
based on the theoretical analysis. In practical design, this ratio
was optimized to some extent to obtain better performance.
The simulated transmission results of the designed broadband
uneven divider for different ports are shown Fig. 15. It can be
seen that, the designed divider provides almost constant power
distribution ration throughout the target bandwidth.

After all the designs of the above functional parts of the
proposed CM-LMBA, the required phase shift between the
carrier and peaking branches should be obtained to ensure the
load modulation process. An input phase adjustment network
was thus required. In this design, a TL was added at the
front of the peaking IMN as the phase adjustment network.
Therefore, the entire schematic of the proposed CM-LMBA
is as Fig. 16 shows. As we mentioned early, considering the
phase shift introduced by the different matching networks and
active device operation, it is better to obtain the required
phase shift by adjusting it at different operation frequencies in
simulation. We used an ideal phase shifter at the same position
of the phase adjustment TL in Fig. 16. By adjusting the phase
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Fig. 20. Simulated carrier and peaking drain current versus output power at
different operation frequencies.

shifter at different frequencies, the optimal phase shift between
the carrier and peaking branches can be obtained based on the
performance of the CM-LMBA as shown in Fig. 17.

After obtaining the optimal phase shift, a TL with phase
shift of 445° at 2 GHz was then employed to fit the required
phase shift within the designed band. The fitting results were
plotted in Fig. 17. It can be seen that, the realized phase shift
by the proposed TL approaches the obtained optimal phase
value well at different frequencies. It should be noticed that,
using a TL as the phase adjustment network is a specific case
here. Sometimes TLs might not be able to fit the optimal phase
well, because the phase slope and the reference phase at the
centre frequency of a TL are fixed. Nevertheless, we believe
that the optimal phase difference in a linear relationship
with frequency can be achieved in many broadband matching
network designs [17], [18]. Therefore, other circuit structures,
such as that introduced in [18], can also be used as the phase
adjustment network for the proposed CM-LMBA in more
general cases. To verify how sensible the input phase shift
affects the PA performance, the simulated PAE of the designed
CM-LMBA at 2.0 GHz with different input phase adjustments
is presented in Fig. 18, where the input phase shift changes
from -40 degree to -100 degree with a step of 20 degrees. It
can be seen that the phase shift has impact on the efficiency
and power performance when the peaking PA turns on, but
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Fig. 21. Simulated drain voltage and current waveforms of one carrier PA
at OBO: (a) waveform at 1.6 GHz with LMBA output power of 37.9 dBm,

(b) waveform at 2.0 GHz with LMBA output power of 38.1 dBm and (c)
waveform at 2.4 GHz with LMBA output power of 37.8 dBm .

the impact is relatively small considering that the achieved
phase deviates by only a few degrees from the required optimal
value.

After the above mentioned designs, the entire circuits of the
designed CM-LMBA were then EM-simulated using Keysight
ADS. Fundamental load modulation process at the carrier CG
plane at some operation frequencies are shown in Fig. 19. We
can see that, the simulated load modulation results are close to
the ideal ones but there are also certain deviations at different
power levels and frequencies. The deviations are caused by
the non-ideal coupler design and imperfect phase adjustment.
Fig. 20 shows the simulated carrier and peaking drain current
versus the output power at 1.5 GHz, 2.0 GHz and 2.5 GHz.
The plotted carrier current was obtained from one PA of the
balanced PA pair. The saturated current ratio is close to the
theoretical value. It can be seen, the current behaviour of the
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Fig. 22. Simulated drain voltage and current waveforms of one carrier PA at
saturation: (a) waveform at 1.6 GHz with LMBA output power of 45.7 dBm,

(b) waveform at 2.0 GHz with LMBA output power of 46.2 dBm and (c)
waveform at 2.4 GHz with LMBA output power of 46.1 dBm .
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Fig. 23. Simulated PAE and gain versus output power at different operation
frequencies.
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Fig. 24. Simulated PAE, output power and small signal gain versus frequency.

Fig. 25. Photograph of the fabricated CM-LMBA.

proposed CM-LMBA is close to the DPA. To better present
the continuous-mode operation, the simulated drain voltage
and current waveforms at some different operation frequencies
and different output power levels are given in Fig. 21 and Fig.
22. All these waveforms were obtained at the CG plane. Fig.
21 presents the voltage and current waveforms at 1.6 GHz, 2.0
GHz and 2.4 GHz when the output power level of the CM-
LMBA is close to 38 dBm. The related OBO level is about 8
dB. Fig. 22 presents the voltage and current waveforms at the
same frequencies when the output power level is close to 46
dBm. From Fig. 21 and Fig. 22 we can see that, only a small
part of the voltage and current waveforms overlap at both OBO
and saturation, indicating the high efficiency performance of
the designed CM-LMBA. Moreover, the voltage swing is
larger at the lower frequency than the higher frequency, which
is consistent with the continuous mode theory.

Fig. 23 shows the simulated PAE and gain of the design
CM-LMBA versus the output power at different operation
frequencies. It can be seen that back-off efficiency is obviously
improved compared with single-ended PAs. Excellent back-
off efficiency performance has been achieved. From 1.5 to
2.5 GHz, PAE of 58.6%-67.1%, 51.1%-60.9% and 46.8%-
53.7% at saturation, 6 dB OBO and 8 dB OBO. To better
present the broadband performance, the simulated performance
at different frequencies are also given here in Fig. 24.

IV. MEASUREMENTS RESULTS

Fig. 25 presents the photograph of the fabricated CM-
LMBA. Both continuous-wave (CW) and wideband modulated
signals were employed to perform the measurements for the
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Fig. 27. Measured PAE, output power and small signal gain versus frequency
with CW signal test.

fabricated CM-LMBA. The drain supply voltage of 28 V and
total quiescent current of 160 mA for the balanced carrier PA
pair were set during all the measurements. The drain voltage
of the peaking PA was set to 34 V to ensure better linearity
and the peaking bias voltage was set to -6 V. During the
measurements, the employed CW and modulated signals were
both generated by a vector signal generator (VSG), and the
output power was measured using a spectrum analyzer. A
broadband linear driver amplifier was used to drive the CM-
LMBA with enough input power. A broadband circulator was
added between the driver and CM-LMBA to improve isolation.

A. Measurements under CW Signal Stimulation

The fabricated CM-LMBA was firstly measured under CW
signal stimulation at different operation frequencies with dif-
ferent input power levels. The realized frequency band of
the CM-LMBA with high back-off efficiency performance
slightly shifted due to the fabrication variations and the model
inaccuracy of the transistors. The CM-LMBA was driven from
low power region to saturation from 1.45 GHz to 2.45 GHz
with 0.1 GHz step. Fig. 26 presents the measured PAE and
gain versus output power at different operation frequencies. It
can be seen that, Doherty-like behaviour was achieved by the
implemented CM-LMBA within the designed frequency band.
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Fig. 28. Output spectrum of the proposed CM-LMBA at 1.8 GHz with and
without DPD linearization.
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Fig. 29. Output spectrum of the proposed CM-LMBA at 2.1 GHz with and
without DPD linearization.

To better present the broadband performance, the measured
PAE at different output power levels, output power at satura-
tion and small signal gain versus the operation frequency were
presented in Fig. 27. It appears that there is a certain degree
of deviation between the measurements and simulations. This
might be caused by the inaccuracy of the active device model
especially that in the Class-C operation.

Within the realized bandwidth, the proposed CM-LMBA
achieves peak PAE of 57.3%-66.1% with saturated output
power of 45.6 dBm to 46.7 dBm, which is 36.3 Watts to 46.8
Watts. Back-off PAE of 46.4%-56.5% and 43.2%-50.3% are
achieved throughout the entire operation band at 6 dB and 8
dB OBO, respectively. 11.2 dB to 13.4 dB gain is obtained at
around 28 dBm output power level. The fractional bandwidth
of the proposed CM-LMBA is 51.3%.

B. Measurements under Modulated Signal Stimulation

To evaluate the linearity and efficiency performance of the
proposed CM-LMBA under modulated signals stimulation, a
S-carrier 100 MHz OFDM signal with 8 dB PAPR was used to
test the CM-LMBA from 1.5 GHz to 2.4 GHz with 0.1 GHz
step. The Magnitude-Selective Affine (MSA) function model
based DPD method [41] was adopted to linearize the designed
CM-LMBA. Fig. 28 and Fig. 29 present the output spectrum
with and without DPD linearization under the stimulation of
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TABLE I
PERFORMANCE COMPARISON OF RECENTLY PUBLISHED HIGH EFFICIENCY PAS.
Ref. Technique Freq B. W. Pmax Gain PAE@Sat. | DE@Sat. | OBO | PAE@QOBO | DE@OBO
(Year) N/A (GHz) (GHz/%) (dBm) (dB) (%) (%) (dB) (%) (%)
RF-input
[20]2017 LMBA 1.8-3.8 2.0/71 42-44 11-12 37-59 N/A 6 29-45 N/A
Dual-input 6/ 43-53/
[21]2018 LMBA 1.7-2.5 0.8/38.1 48-48.9 9.9-13.2 48-58 N/A 3 39-50 N/A
[28]12019 DEPA 2.55-3.8 1.25/40 48.8-49.8 9.3-12.7 N/A 54-67 8 N/A 47-60
[29]2016 CM-DPA 1.65-2.75 1.1/50 44.5-46.3 9.3-11.7 N/A 66-77 6 N/A 52-66
[30]2018 CM-DPA 1.6-2.7 1.1/51 43.8-45.2 94-11.5 N/A 56-75.3 6 N/A 46.5-63.5
RF-input 6/ 44.1-54.2/ 50.9-64.9/
[31]2020 SLMIIS)A 3.05-3.55 0.5/15.2 42.3-43.7 9.5-10.3 50.6-62.5 60.8-74.8 8/ 40.9-55.1/ 46.8-60.7/
10 38.0-46.7 43.2-51.4
[3opoty | Fsase 1626 | 1.0/47.6 | 45.5-46 8.5-11 N/A 53-66 9.5 N/A 50-53
Doherty
[40]2019 Ou.t— 1.9 N/A 44 70 N/A 8 73 N/A
phasing
This RF-input 6/ 46.4-56.5/ 51.2-64.4/
work CM-LMBA 1.45-2.45 1.0/51.3 45.6-46.7 11.2-13.4 57.3-66.1 67.1-77.9 ] 43.2-503 47 8-55.7
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Fig. 30. AM-AM and AM-PM of the proposed CM-LMBA at 1.8 GHz with
and without DPD linearization.
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Fig. 31. AM-AM and AM-PM of the proposed CM-LMBA at 2.1 GHz with
and without DPD linearization.

Fig. 32. Measured average PAE, output power and ACPR versus frequency
with modulated signal test.

the employed 100 MHz signal at 1.8 GHz and 2.1 GHz,
respectively. It can seen that, the linearity of the CM-LMBA
was obviously improved after DPD.

The measured ACPRs of the CM-LMBA were -31.5/-27.5
dBc at 1.8 GHz and -31.6/-31.5 dBc at 2.1 GHz without DPD.
After DPD was performed, the ACPRs were improved to -
46.3/-46.7 dBc at 1.8 GHz and -47.4/-49.0 dBc at 2.1 GHz.
Around 37.8 dBm average output power was achieved after
DPD at these two frequencies with average PAE of 48.6%
and 45.6%. The AM-AM and AM-PM characteristics with
and without DPD are also given here in Fig. 30 and Fig. 31.
It can be seen the nonlinearity can be corrected very well after
the employed DPD performed.

Fig. 32 summarizes the measure average PAE, output power
and ACPR performance from 1.5 GHz to 2.4 GHz under the
100 MHz modulated signal stimulation. ACPR;, and ACPRy
are the ACPR performance without DPD, ACPR’, and ACPR},
are the ACPR performance after DPD. Higher than 40% PAE
was achieved by the CM-LMBA with averaged output power
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of 37.5-38.2 dBm. Better than -24.5 dBc ACPR was obtained
without DPD and improved to better than -44.3 dBc after DPD
performed.

C. Performance Comparison

Table I summarizes the performance of some recently
reported PAs with high back-off efficiency. Compared with
other published high efficiency PAs, the proposed CM-LMBA
shows excellent efficiency performance at both saturation and
6/8 OBO levels. At the same time, the proposed CM-LMBA
achieves wider than 50% fractional bandwidth. Particularly,
the proposed RF-input CM-LMBA shows higher efficiency
than other reported LMBAs while maintaining broadband per-
formance. When compared with DPAs which also employ the
continuous mode technique, higher gain and larger OBO level
were achieved by the proposed CM-LMBA with comparable
efficiency performance.

V. CONCLUSION

The theory and implementation of the RF-input CM-LMBA
was presented in this paper. Continuous mode technique
was introduced in the LMBA architecture to improve the
efficiency performance while maintaining broadband feature.
The realized CM-LMBA presents excellent back-off PAE with
51.3% fractional bandwidth. Meanwhile, from the results of
modulated signal measurements, the proposed CM-LMBA
also showed good linearity with and without DPD correction,
achieving excellent average efficiency. The Simulation and ex-
perimental results validated the broadband and high-efficiency
performance of the proposed CM-LMBA architecture.
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