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Abstract— We present a general analytical solution for the
active input impedances of a given N-port impedance network as
a function of the loading of its ports by either active or passive
devices. To demonstrate the simplicity and ease of use of our
approach, we derive the input impedance equations of a conven-
tional balanced power amplifier (BPA) and the load-modulated
balanced amplifier (LMBA) and the effects of mismatching the
output load. We next focus on the properties of the hybrid coupler
and present a general heuristic of categorization, as well as
the identification of a missing topology. This missing topology
is what we refer to as the load-modulated linearizer (LML),
which utilizes active load-modulation to absorb individual out-of-
band (OOB) amplitude to amplitude (AM/AM) intermodulation
distortion (IMD) components at the output of a power amplifier
(PA). When properly designed, the LML requires only slightly
more additional power than the IMD power it absorbs, making
it very efficient. It retains the power conservation properties of
the LMBA and achieves better linearization than an equivalent
digital predistortion (DPD) system, at a very low power and
complexity penalty. As the LML operates at the output of the
nonlinear PA, it can independently target individual IMD tones
without affecting the rest.

Index Terms— Active input impedance, active load-modulation,
5G, linearization techniques, load-modulated balanced amplifier
(LMBA), load-modulated linearizer (LML).

I. INTRODUCTION

HIGH efficiency in power amplifier (PA) systems [1]
comes at the cost of increased distortion, resulting

in high in-band (IB) and, often more limiting, out-of-band
(OOB) distortion in the form of amplitude to amplitude
(AM/AM) and amplitude to phase (AM/PM) distortion. This
necessitates a compromise in the form of increased output
back-off (OBO) power levels and consequently significantly
lower drain efficiency (DE) and power-added efficiency (PAE).
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Developing ways of mitigating the efficiency penalty due
to OBO is an active field of study [2] with the Doherty
PA (DPA) [3], Outphasing [4] and the load-modulated bal-
anced amplifier (LMBA) [5] designs used in telecom being
well-known multitransistor PA examples. This is important
for, e.g., base stations where increasing output power allows
for better range and thus, fewer base stations needed, and
the improved efficiency benefits the heat budget management
by wasting less power as heat. High efficiency is also crit-
ical for battery-constrained devices such as mobile phones,
heat-constrained space systems, as well as for dual-tone
radar systems [6], and multibeam satellites (with handover,
e.g., Starlink). The most widely used linearization process for
telecommunication applications is digital predistortion (DPD).
Unfortunately, DPD becomes less and less effective as the
transmit PA operates at higher and higher compression levels,
as the correction necessary to counteract the nonlinear and
memory effects can grow without bounds [7]. In contrast,
AM/PM correction requires phase rotation, which is still
possible with DPD even in strong compression. Thus, there
is a clear need to develop a more systematic analysis of
load-modulation mechanisms and further exploration of ways
to remove AM/AM distortion from PAs operating at high
compression levels.

This work presents two main ideas. First, in Section II,
we present a clear and systematic closed-form solution for the
active input impedance and current relations of any N -port
microwave structure with an arbitrary number of loaded
ports. The derivation shares some conceptual similarities with
how the active antenna element input impedance is calcu-
lated. However, those results are usually interpreted in the
S-parameter domain within the antenna array field [8], [9],
[10]. We demonstrate the usefulness of the analysis by rederiv-
ing the balanced power amplifier (BPA) and LMBA equations
in a more general and straightforward manner. In addition, the
analysis is able to directly reveal how output load mismatch,
such as due to antenna mutual coupling in antenna arrays,
will affect the active input impedance and voltage standing
wave ratio (VSWR) seen by every active device. The purpose
is to provide deeper insights into devices that rely or are
subject to, active load-modulation, such as balanced amplifiers
(BPAs), LMBAs, and others, which are actively developed and
implemented in circuit design. Such practical considerations
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are very useful for current and future developments of multi-
transistor PAs in multiple-input and multiple-output (MIMO)
environments [11]. Finally, we present a conceptual overview
of the similarities between and constraints of systems that use
a quadrature hybrid coupler to highlight a top-level approach
for identifying and classifying new device topologies.

And second, in Section III, we present an extended analysis
of the load-modulated linearizer (LML) [12], which is a varia-
tion of the LMBA concept [5], [13], [14], [15]. The LML is a
system in which the LMBA architecture is modified by revers-
ing the roles of the balanced (high power) and control (low
power) devices. By using control signals to actively modulate
the impedances seen by the two balanced devices, the LML
is capable of absorbing unwanted intermodulation distortion
(IMD) products, while simultaneously also reinforcing the
main tones in a lossless manner, resulting in highly efficient
performance. It belongs to the class of feed-forward linearizers
as the cancellation of the unwanted tones is achieved at the
output of the PA instead of its input (or within it), as with
DPD [16]. In this regard, the proposed system is similar to
other coupler-based devices such as BPAs and diode linearizers
(DLs) used for analog predistortion [17], [18]. We provide
a detailed derivation of the mechanisms with which active
load-modulation can be used to both couple desired power
to the output load and absorb unwanted power, such as OOB
AM/AM distortion, at the output of an amplifier. We show
the optimal conditions under which the LML can linearize a
PA and prove that the necessary control power is significantly
lower than the output power of the main PA itself. We present
a set of design equations which describe the linearization
mechanism and the overall system efficiency of the LML.

In Section IV, we describe the proposed LML system and
validate its performance by linearizing a PA, which amplifies
two narrowband tones, while operating in strong compression.
We are able to achieve more than 30 dB suppression of both
the IM3 and IM5 tones without interfering with the two main
tones. This presents a common scenario for next-generation
radar and telecom systems, where DPD solutions still struggle.
Next, we benchmark the LML against a DPD solution and
highlight both advantages and disadvantages of either system.
Finally, in Section V, we summarize our work and present
several concluding remarks.

II. GENERAL SOLUTION OF THE ACTIVE
INPUT IMPEDANCE

A passive N -port microwave network is shown in Fig. 1.
We illustrate a general configuration where some of the ports
are connected to arbitrary complex loads, while the rest are
connected to current sources with known output impedances,
representing transistors. The network has a characteristic
impedance of Z0 and is described by an N × N impedance
(open circuit) matrix, Z ∈ CN×N . The complex loads are
defined as z⃗x = [Zx,1, . . . , Zx,Nd ]

T with z⃗x ∈ CNd×1, where
the superscript T denotes the transpose. The currents at each
port are defined as i⃗ = [I1, . . . , INd , . . . , IN ]

T with i⃗ ∈ CN×1

and are assumed to flow into the network. The currents I1
through INd are due to the loads z⃗x and the currents INd+1
through IN are independent sources with a defined amplitude

Fig. 1. Topology of a general N -port passive network. Ports 1 through
Nd are connected to arbitrary complex loads. Ports Nd + 1 through N are
connected to current sources with known output impedances, representing
matched transistors.

Fig. 2. Arbitrary matched active device, having optimum load impedance
Zopt matched to Z∗

out, represented as a current source with output
impedance Zout.

and phase, which serve as an approximation of matched active
devices at some bias or compression point. The current sources
have known output impedances z⃗out = [Zout,Nd+1, . . . , Zout,N ]

T

with z⃗out ∈ C(N−Nd )×1, which are matched to the optimal load
impedance, Zopt, of the active device using an output matching
network (OMN), as shown in Fig. 2.

The relation between Z and i⃗ produces the port voltages v⃗ =

[V1, . . . , VNd , . . . , VN ]
T with v⃗ ∈ CN×1, which are measured

with respect to the common ground connection

Zi⃗ = v⃗. (1)

The input impedance of each active port is z⃗A =

[ZA,Nd+1, . . . , ZA,N ]
T with z⃗A ∈ C(N−Nd )×1. When several

active devices are connected to the network they begin to influ-
ence each other simultaneously, resulting in z⃗A being actively
load-modulated. This simultaneous interdependence between
all active devices is more readily solvable using matrix algebra
than with conventional circuit analysis techniques.

A. Active and Passive Current Partitioning

Our goal is to express the input impedance of the active
ports, z⃗A, as a function of the active current sources only, such
that we fully describe the active load-modulation behavior. For
that purpose, we partition the current vector i⃗ into a passive
subvector, i⃗P = [I1, . . . , INd ]

T , and an active subvector, i⃗A =

[INd+1, . . . , IN ]
T . The voltage vector v⃗ is similarly partitioned

into a passive subvector v⃗P = [V1, . . . , VNd ]
T , and an active

subvector v⃗A = [VNd+1, . . . , VN ]
T , such that

i⃗ =

[
i⃗P

i⃗A

]
and v⃗ =

[
v⃗P

v⃗A

]
. (2)
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The rows and columns of the impedance matrix Z must be
rearranged depending on which ports of the network are active
and passive (as will be explicitly shown in Examples 1 and 2
further in this section), so as to remain consistent with (1)
and (2). The impedance matrix Z is then partitioned into four
submatrices, whose dimensions depend on the length of Nd

and N

Z0

[
A B

C D

][
i⃗P

i⃗A

]
=

[
v⃗P

v⃗A

]
(3)

where

A =

 Z1,1 · · · Z1,Nd

...
. . .

...

Z Nd ,1 · · · Z Nd ,Nd


B =

 Z1,Nd+1 · · · Z1,N
...

. . .
...

Z Nd ,Nd+1 · · · Z Nd ,N


C =

Z Nd+1,1 · · · Z Nd+1,Nd

...
. . .

...

Z N ,1 · · · Z N ,Nd


D =

Z Nd+1,Nd+1 · · · Z Nd+1,N
...

. . .
...

Z N ,Nd+1 · · · Z N ,N

. (4)

The subvector v⃗P describes the voltage across z⃗x due to i⃗P

v⃗P = −diag{ z⃗x}i⃗P (5)

where diag{ z⃗x} is a diagonal loading matrix constructed
from z⃗x. The negative sign indicates that the currents i⃗P flow
out of the network. As v⃗P is linearly dependent on i⃗P, we can
incorporate the external passive loads z⃗x into the network
and express their contribution using only i⃗P. Substituting (5)
into (3) and combining like terms yields the loaded port
representation

Z0

[
(A + X) B

C D

][
i⃗P

i⃗A

]
=

[
0⃗

v⃗A

]
(6)

where

X =
1
Z0

diag{ z⃗X} (7)

is the normalized loading matrix with respect to Z0. Assum-
ing that the submatrix (A + X) is invertible, we obtain a
closed-form expression of how i⃗P is dependent on i⃗A

i⃗P = −(A + X)−1Bi⃗A. (8)

Substitution of i⃗P into the rest of the system allows
to express the active voltages v⃗A across the open ports
Nd + 1 through N solely in terms of the active currents i⃗A

v⃗A = Z0
(
D − C(A + X)−1B

)
i⃗A. (9)

This matrix relation is also called the Schur complement of
(A + X) in the loaded port representation of Z [19]. Finally,
the closed-form expression for the input impedance z⃗A of the

active ports is found by normalizing each port voltage with its
corresponding port current, giving us

z⃗A = diag{i⃗A}
−1v⃗A. (10)

The above analysis and its closed-form solutions allow
for a systematic investigation and computation of the input
impedance of every active port of an arbitrary N -port
impedance network. A key aspect of the presented formulation
is the ability to directly evaluate the influence load mismatch
(e.g., antenna loading due to mutual coupling) has on the z⃗A
in systems with two or more active devices such as BPAs,
DPAs, and others. The analysis procedure can be summarized
as follows.

1) Design microwave network and corresponding Z -matrix.
2) Define active i⃗A and passive i⃗P current vectors.
3) Define loading vector z⃗x.
4) Rearrange Z based on i⃗A and i⃗P.
5) Compute i⃗P, v⃗A, and z⃗A.
6) Choose expressions for i⃗A that take advantage of active

load-modulating properties and give desired z⃗A.

B. Mismatch and Power Relations

The power wave active reflection coefficient seen by an
active device looking into its corresponding port n, when both
of them are complex-valued, is [20]

0A,n =
ZA,n − Z∗

out,n

ZA,n + Zout,n
(11)

which can be expressed more generally in vector form as

0⃗A =

(
z⃗A − z⃗ ∗

out

)
◦ diag{ z⃗A + z⃗out}

−1 (12)

where ◦ is the Hadamard product (element-wise multipli-
cation) and 0⃗A ∈ C(N−Nd )×1 whose entries are 0⃗A =

[0in,Nd+1, . . . , 0in,N ]. When the input impedances z⃗A are the
complex conjugate of the devices’ output impedances z⃗out we
achieve the conditions for maximum power transfer.

Knowing the input impedance z⃗A of the active ports allows
us to compute the power delivered by the current sources

Pin,n =
1
2
|IA,n|

2 Re
{

ZA,n
}

(13)

which can also be expressed in vector form as

P⃗ in =
1
2

diag{i⃗A}diag{i⃗ ∗

A} Re
{

z⃗A
}
. (14)

Similarly, knowledge of the current vector i⃗P allows us to
compute the amount of power flowing out of every passive
port

P⃗out =
1
2

diag{i⃗P}diag{i⃗ ∗

P } Re
{

z⃗x
}
. (15)

C. Example 1: The Balanced Amplifier

To illustrate the simplicity of our matrix technique in
deriving the active input impedances of a network we consider
the ubiquitous BPA configuration, whose output part is shown
in Fig. 3. It consists of two active devices having quadrature
phase shift connected to ports 2 and 4 of an ideal 3 dB
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Fig. 3. Conventional BPA configuration. The two active devices are
visualized as current sources with finite output impedance Zout. The sources
are connected to ports 2 and 4, the output is at port 1 and the isolated port
is 3.

quadrature hybrid coupler. Port 3 serves as the isolated port
and port 1 is the output port. The 4-port Z -matrix of the ideal
3 dB quadrature hybrid [5], [21] together with its current and
voltage relations is

Z0


0 0 − j − j

√
2

0 0 − j
√

2 − j
− j − j

√
2 0 0

− j
√

2 − j 0 0




I1
I2
I3
I4

 =


V1
V2
V3
V4

. (16)

We define the passive and active current vectors to be

i⃗P =

[
I3
I1

]
and i⃗A =

[
I2
I4

]
=

[
−Ib

− j Ib

]
. (17)

Ports 1 and 3 are terminated with matched loads

z⃗x =

[
Z0
Z0

]
(18)

and so the normalized loading matrix becomes

X =
1
Z0

[
Z0 0
0 Z0

]
= I. (19)

The rows and columns of the impedance matrix Z are
rearranged to reflect i⃗P and i⃗A [see (4)] giving us

A = D =

[
0 − j

− j 0

]
B = C =

[
− j

√
2 0

0 − j
√

2

]
. (20)

Computing i⃗P using (8) yields the currents flowing into the
output loads[

I3
I1

]
=

[
j
√

2/2 −
√

2/2
−

√
2/2 j

√
2/2

][
−Ib

− j Ib

]
=

[
0

√
2Ib

]
(21)

which shows that, under perfect conditions, the currents deliv-
ered by both active devices are combined and flow into the
matched load at port 1, and none into the isolated port 3.
Using (9), we evaluate the voltages v⃗A across the active ports

v⃗A = Z0

[
1 0
0 1

][
−Ib

− j Ib

]
. (22)

Fig. 4. Reflection coefficient seen by both active devices when ZL = 25 �.

Finally, the well-known active input impedances z⃗A of a
BPA are obtained using (10)

ZA,2 = Z0

ZA,4 = Z0. (23)

The power delivered to the network by each current source
i⃗A is found using (14)

Pin,2 =
1
2

Re
{

ZA,2
}

I 2
b =

1
2

Z0 I 2
b

Pin,4 =
1
2

Re
{

ZA,4
}

I 2
b =

1
2

Z0 I 2
b (24)

and the power delivered to the matched loads is found using
(15) and (21)

Pout,3 =
1
2

Z0|I3|
2

= 0

Pout,1 =
1
2

Z0|I1|
2

= Z0 I 2
b . (25)

As we can see, the input impedances of the BPA are constant
and the power generated by each of the balanced current
sources sums in phase at the output.

It may seem that we have taken an unnecessarily complex
approach to derive fairly well-known results, however, the
analysis also allows us to easily evaluate the effects that
output load mismatch can have on the active input impedance.
Performing the same analysis for i⃗P, but setting Zx,1 = ZL
instead of Z0 and keeping Zx,1 = Z0 reveals[

I3

I1

]
=

 j
√

2ZL
Z0+ZL

−

√
2Z0

Z0+ZL

−

√
2Z0

Z0+ZL
j

√
2Z0

Z0+ZL

[
−Ib

− j Ib

]

=

[
j Z0−ZL

Z0+ZL

√
2Ib

2Z0
Z0+ZL

√
2Ib

]
. (26)

The output load mismatch also affects the active input
impedances of ports 2 and 4

ZA,2 = Z0
3ZL − Z0

Z0 + ZL
= Z0(1 − 20L)
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Fig. 5. Conventional LMBA configuration. The active devices are visualized
as current sources with a finite output impedance Zout.

ZA,4 = Z0
3Z0 − ZL

Z0 + ZL
= Z0(1 + 20L) (27)

which reveals that both devices mismatch in opposite trajec-
tories along the Smith chart [22], [23], [24]. Fig. 4 shows the
reflection coefficient seen by the two balanced devices when
ZL = 25 �. The device at port 2 sees ZA,2 ≈ 16.7 � and
the device at port 4 sees ZA,4 ≈ 83.3 �. Similarly, when
ZL = 100 � then ZA,2 ≈ 83.3 � and ZA,4 ≈ 16.7 �.

A more insightful conclusion is that one of the individual
active devices within the BPA sees a greater VSWR mismatch
than if it were directly connected to ZL [23]. For this reason,
asymmetrically tuning the two active devices helps with restor-
ing the VSWR and bandwidth performance of the BPA [24].

D. Example 2: Load-Modulated Balanced Amplifier

As a second example, we consider the active input
impedance equations of the LMBA. It is a variation
of the conventional quadrature hybrid BPA wherein the
input impedances seen by both active devices are actively
load-modulated by means of a small control signal injected
into the isolated port of the BPA. This allows the LMBA
to dynamically present the optimum loads to the active
devices, allowing them to maintain good efficiency as their
output backoff levels vary. Another remarkable result is
that the control power used to achieve the tuning is fully
recovered at the output, making the LMBA a very efficient
system.

We show that deriving the LMBA load-modulation equa-
tions becomes straightforward using this technique, unlike
previous derivations, e.g., [25], [26], [27], and [28]. Fig. 5
shows the output part of the conventional LMBA circuit [5],
consisting of an ideal 3 dB quadrature hybrid coupler and a
matched load. The 4-port Z -matrix of the ideal 3 dB hybrid
together with its current and voltage relations is

Z0


0 0 − j − j

√
2

0 0 − j
√

2 − j
− j − j

√
2 0 0

− j
√

2 − j 0 0




I1
I2
I3
I4

 =


V1
V2
V3
V4

. (28)

The two balanced devices are represented by current
sources, having equal magnitude Ib with a quadrature phase
offset, and are connected to ports 2 and 4, such that I2 = −Ib

and I4 = − j Ib, respectively. The control signal has a variable

magnitude, Ic, and phase offset relative to Ib, φ, and is injected
in port 3, such that I3 = − j Ice jφ . Thus, we define the passive
and active current vectors as

i⃗P =
[
I1

]
and i⃗A =

I2
I3
I4

 =


−Ib

− j Ice jφ

− j Ib

. (29)

Port 1 is connected to a matched load, such that
z⃗x = [Zx,1] = [Z0], and the normalized loading matrix
is

X =
1
Z0

[
Z0

]
= [1]. (30)

The impedance matrix Z is rearranged and partitioned in
the following manner:

A =
[
0
]

B =
[
0 − j − j

√
2
]

C =


0

− j

− j
√

2



D =


0 − j

√
2 − j

− j
√

2 0 0

− j 0 0

. (31)

Using (8), we are able to compute the current flowing
through the output load

I1 = −
[
0 − j − j

√
2
]

−Ib

− j Ice jφ

− j Ib

 = Ice jφ
+

√
2Ib (32)

meaning both the balanced and control currents are fully
recovered at port 1. The voltages v⃗A across the active ports
are evaluated using (9), giving us

v⃗A = Z0

 0 − j
√

2 − j
− j

√
2 1

√
2

− j
√

2 2

 −Ib

− j Ice jφ

− j Ib

. (33)

Finally, the active input impedance z⃗A can be solved using
(10), giving us the familiar LMBA input impedance equations
for the active ports

ZA,2 = Z0

(
1 +

√
2

Ic

Ib
e jφ

)
ZA,3 = Z0

ZA,4 = Z0

(
1 +

√
2

Ic

Ib
e jφ

)
. (34)

The input impedances ZA,2 and ZA,4 are identical and can
be actively load-modulated by adjusting the magnitude and
phase of the control current Ice jφ relative to the balanced
current Ib. Conversely, the input impedance ZA,3 remains
constant and is not affected by any load-modulation. Fig. 6
illustrates the range of complex impedances that can be
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Fig. 6. Region of achievable load-modulated impedances for the conventional
LMBA.

actively load-modulated with a conventional LMBA where the
control power does not exceed the power of a single balanced
device. It is worth noting that these relations hold true as long
as the load impedance is Zx,1 = Z0.

The power generated by each current source i⃗A is found
using (14)

Pin,2 =
1
2

Z0

(
I 2
b +

√
2Ib Ic cos φ

)
Pin,3 =

1
2

Z0 I 2
c

Pin,4 =
1
2

Z0

(
I 2
b +

√
2Ib Ic cos φ

)
(35)

and, using (15), the power delivered to the output load is

Pout,1 = Z0

(
I 2
b +

√
2Ib Ic cos φ +

1
2

I 2
c

)
(36)

all of which is in complete agreement with the results from [5]
and confirms the power conservation property of the LMBA
design.

The analysis also allows direct evaluation of the effect the
output loads z⃗x can have on the input impedances of the active
ports. Performing the same analysis for the LMBA, but setting
Zx,1 = ZL instead of Z0 yields

ZA,2 = Z0

(
1 +

√
2

Ic

Ib
e jφ

)
ZA,3 = Z0

(
Z0

ZL
+

(
Z0 − ZL

ZL

)
√

2
Ib

Ic
e− jφ

)
ZA,4 = Z0

(
2Z0 − ZL

ZL
+

Z0

ZL

√
2

Ic

Ib
e jφ

)
. (37)

The equations reveal that the LMBA behavior is susceptible
to output load mismatch, such as antenna loading, highlighting
the challenging MIMO environments [11]. The load mismatch
causes the input impedances at ports 2 and 4 to no longer

be identical and also introduces active load-modulation at
port 3, with the control current Ic in the denominator, which
may affect the power conservation properties. If Ic < Ib

the fraction can become much greater than unity and as a
consequence ZA,3 can become vastly different from Z0, and
even negative. For example, if ZL = 2Z0 and Ib/Ice jφ

= −2,
then ZA,3 ≈ 1.9Z0. Similarly, if ZL = Z0/2 and Ib/Ice jφ

=

−2, then ZA,3 ≈ −0.83Z0, which may lead to instability
and even damage the control device. Our analysis can help
determine practical constraints with respect to load mismatch
and required Ic. Note that when ZL = Z0 (37) reduces
to (34).

E. Unique Hybrid Coupler Arrangements

As shown by the two examples, the presented technique
offers a systematic approach to solving the active input
impedance and current relations for a given network. It opens
the way to systematically evaluate existing, as well as new,
system designs; to explore their behavior under mismatch
conditions and to develop clearer insights into their perfor-
mance limits. We have limited the scope of examples to the
quadrature hybrid coupler only, because it can still reveal
surprising results, despite its long history. There exist several
system configurations which incorporate a hybrid coupler and
active devices, such as BPAs, diode linearizers (DL), LMBAs,
and many others. By understanding how multiple active
devices interact through a network, we can gain further design
insights and recognize that they share common boundaries and
constraints.

For example, in the conventional BPA hybrid coupler archi-
tecture, under ideal conditions, the two active devices are
designed to have constant output impedance (Zout = Z0) just
as the hybrid’s input impedances are fixed (ZA,2,4 = Z0).
This results in all the currents summing constructively at
the output port and no current flows from the isolated port
(|I3| = 0). DLs, on the other hand, rely on two actively
biased diodes with a nonlinear current-dependent variable
output impedance (ideally on the edge of the Smith chart)
which causes a mismatch between the coupler’s fixed input
impedance (ZA,2,4 = Z0) to correct for AM/PM distortion
in a lossless manner (|I3| = |I2,4|). The LMBA, as already
explained, uses a small control signal (|I3| < |I2,4|) to actively
tune the input impedances of the hybrid coupler (ZA,2,4 ∝

Z0
I3

I2,4
for brevity), to match the varying output impedances

of the active devices, thus maintaining good efficiency
at varying backoff levels and even recovering the control
signal.

Thus, an active device can either be designed to have
constant or varying output impedance and a network can
either have a fixed or tunable input impedance. Table I sum-
marizes the classifications between all the above-mentioned
devices. And what of the upper right quadrant where the input
impedances of the hybrid can be actively tuned, while the
output impedances of the active devices are kept constant?
This configuration results in a device, which we have named
the LML, that is able to correct AM/AM distortion at high PA
compression levels by actively controlling the input impedance
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TABLE I
CURRENT BOUNDARY CONDITIONS FOR EVERY KIND OF AMPLIFIER AND

LINEARIZER DEVICE IMPLEMENTED USING SOME 4-PORT HYBRID

matching between its active devices and the coupler. The
roles of the control and balanced currents are interchanged,
in contrast to the LMBA (|I3| > |I2,4|).

III. LOAD-MODULATED LINEARIZATION THEORY

In Section II, we used our analysis to explore unique hybrid
coupler arrangements that share common boundary conditions.
Its main relevance for the current work is that it allows us to
identify an arrangement where active devices with constant
output impedance see tunable active input impedances of the
hybrid. Using the recognized current relations, impedances
within and beyond the boundary of the Smith chart can be
emulated using active load-modulation. This opens the possi-
bility to design highly efficient and controllable feed-forward
linearizers capable of selectively absorbing undesired signals,
such as OOB IMD products, while also reinforcing the main
signals [12]. We refer to this process as load-modulated
linearization and the LMBA architecture is a suitable platform
for developing this concept due to its three key characteristics
as follows.

1) Input impedances at ports 2 and 4 can be actively tuned.
2) The input impedance of port 3 remains fixed at Z0.
3) The control power is fully recovered at port 1.
In the conventional LMBA arrangement the control current

enters port 3 and the main currents, generated by the two
balanced devices, enter ports 2 and 4, as already shown in
Fig. 5. The control current should not exceed the balanced
current, by definition, which limits the range of values that
the input impedances of ports 2 and 4 can be actively load-
modulated to. We propose a different arrangement called the
LML, where the current Iin is generated by a main device at
port 3 and the currents Ice jφ are generated by two control
devices at ports 2 and 4, respectively. In this manner, we are
able to achieve much greater load-modulation ranges than the
LMBA using very low control power. The topology of the
proposed load-modulating linearization system is shown in
Fig. 7.

The input impedance expressions for ports 2 and
4 remain the same as for the regular LMBA case, except that
the roles of the main and control PAs have been reversed,

Fig. 7. Topology of the proposed LML system. The main current, Iin, enters
port 3 and interacts with the control currents.

so we introduce the following simplified notation:

ZA = ZA,2,4 = Z0

(
1 +

√
2

Iin

Ic
e− jφ

)
(38)

which can achieve a greater load-modulation range than
the LMBA by keeping the magnitude of the control cur-
rent Ic smaller than Iin, which is quite convenient. The
input impedance at port 3 is Z0 and is not affected
by load-modulation under matched load conditions. The
sum total input power, which can be spread across some
bandwidth, is

Pin =
1
2

Z0|Iin|
2 (39)

and the control power entering ports 2 and 4 is

2PC = Re{ZA}|Ic|
2

= Z0

(
I 2
c +

√
2Iin Ic cos φ

)
. (40)

The total output power Pout delivered into the matched
output load from port 1 thus becomes

Pout = 2PC + Pin =

(
2 + α

α

)
Pin

=
|ZA/Z0 − 1|

2
+ 4 Re{ZA/Z0}

|ZA/Z0 − 1|2
Pin

=

∣∣∣∣ ZA/Z0 + 1
ZA/Z0 − 1

∣∣∣∣2

Pin (41)

where we have used 4 Re{ZA/Z0} = |ZA/Z0 + 1|
2

−

|ZA/Z0 − 1|
2. The factor 2PC reflects that there are two

control devices and the factor α is the ratio between the input
and control power which is found using (40)

α
1
=

Pin

PC
=

Pin

Pav-C
(
1 − |0A|2

) =

1
2 Z0|Iin|

2

1
2 Re{ZA}|Ic|

2

=

∣∣ ZA/Z0−1
√

2

∣∣2
|Ic|

2

Re{ZA/Z0}|Ic|
2 =

|ZA/Z0 − 1|
2

2Re{ZA/Z0}
(42)

with Pav-C being the maximum available control power (for a
given bias) from a single control device. The active reflection
coefficient 0A for both ports 2 and 4 affects how much of
Pav-C can be delivered into the output hybrid coupler

0A = 0A,2,4 =
ZA − Z∗

out

ZA + Zout
. (43)
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The output power Pout is highest when the input impedances
ZA of the coupler are conjugately matched to the output
impedance of the active device (ZA = Z∗

out), which guar-
antees maximum power transfer, such that PC = Pav-C.

By definition, factor α is constrained to real values, however,
there are no constraints on whether these values can be
negative or positive. While it may seem counterintuitive for a
power ratio to be negative, we note that since we can modulate
ZA to negative resistances, i.e., Re{ZA} < 0, we can also
achieve an active input reflection coefficient |0A|

2 > 1 from
the perspective of the available control power delivered to the
hybrid coupler. In other words, power can be made to flow
either in or out of ports 2 and 4, despite the presence of active
devices.

The LML can operate like an LMBA and couple all input
power, along with the control power, to the output load by
setting ZA = Z∗

out. And as will be shown later, the closer Zout
is to the Smith chart’s edge, the greater α is, and the less
available control power is needed for load-modulation. This is
a direct result of (38), which allows for α ≥ 1 while the LMBA
is constrained to 0 ≤ α ≤ 1. Alternatively, the LML can fully
prevent any input power from reaching the output load at port 1
by means of setting ZA = −Z0 such that α = −2, which
is achieved by maintaining an amplitude and phase relation
Ice jφ

= −Iin/
√

2 in (38). This results in Pout = 0 for any Pin
from (41), and as ZA,3 = Z0, there are no stability concerns
for the main PA. Thus, the LML has the ability to selectively
couple input power at given frequencies and absorb input
power at other frequencies, making it, e.g., very suitable for
canceling distortion products and harmonics without affecting
the main tones. The active input impedances that the control
devices must see in order to either couple or absorb power
become

ZA =

{
Z∗

out, for all wanted power
−Z0, for all unwanted power.

(44)

With the active input impedance constraints in place, we can
define the necessary conditions and available control power
requirements for both coupling the input power we consider
desired and absorbing all other power, such as IMD products
and harmonics.

So far we have referred to the input power as simply
Pin in order to more clearly express the power conservation
properties which the LML inherits from the LMBA. We now
define the input power as the linear sum (no spectral overlap)
of the sum total main power PM and sum total distortion
power PM

Pin = PM + PD. (45)

The goal of the LML is to losslessly couple all PM to
the output load while, simultaneously, absorbing all unwanted
PD. In Sections III-A–III-E, we will present the necessary
conditions for achieving both tasks.

A. Control Power Required for Coupling

In order to couple all PM losslessly to the output port we
need to modulate ZA to Z∗

out. The amount of available control

Fig. 8. Contour plot of positive α values with respect to real and imaginary
normalized impedance ZA/Z0 and Re{ZA/Z0} > 0.

Fig. 9. Contour plot of output power Pout in dBc as a function of ZA/Z0 when
coupling power. The shaded region is infeasible for the LML as α ≤ 1.

power, Pav-C|M, required is found by rearranging (42)

Pav-C|M =
2Re

{
Z∗

out/Z0
}

|Z∗
out/Z0 − 1|2

PM =
PM

α
. (46)

Fig. 8 shows a Cartesian contour plot of positive α

values as a function of normalized impedance ZA/Z0 for
Re{ZA/Z0} > 0. The amount of Pav-C|M necessary to load-
modulate ZA to Z∗

out decreases to zero when Zout becomes a
fully reactive load. Conversely, more Pav-C|M is necessary when
Zout converges to Z0. When α < 1, the available control power
exceeds the main power in order to maintain ZA = Z∗

out, and
since the control power is fully recovered, the output power
Pout begins to increase as well, as described by (41). Fig. 9
shows the contour plot of Pout as a function of normalized
impedance ZA/Z0 for Re{ZA/Z0} > 0. When ZA = Z0 the
output power becomes infinite since the control devices must
deliver infinite power, which is not considered good design
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Fig. 10. Contour plot of negative α values with respect to real and imaginary
normalized impedance ZA/Z0 and Re{ZA/Z0} < 0.

Fig. 11. Contour plot of output power Pout in dBc as a function of
ZA/Z0 when absorbing power.

practice. It is for this reason that the LML is restricted to
α ≥ 1, as shown by the shaded area in Fig. 9.

B. Control Power Required for Absorbing

Similarly, In order to absorb all PD into the control PAs we
need to modulate ZA to −Z0. The amount of available control
power, Pav-C|D, required is found by combining (42) and (43)

Pav-C|D =
PD

−2
(
1 − |0A|2

) =
|Z∗

out/Z0 − 1|
2

8Re{Z∗
out/Z0}

PD =
α

4
PD. (47)

Fig. 10 shows a Cartesian contour plot of negative α

values as a function of normalized impedance ZA/Z0 for
Re{ZA/Z0} < 0. The largest negative value that α can achieve
is −2 and combining with (41), guarantees that no distortion
power will reach the output port. The amount of Pav-C|D
necessary to load-modulate ZA to −Z0 decreases to zero

Fig. 12. Smith sphere representing the complex impedance space for
normalized drive impedance ZA/Z0 and the corresponding values of α.

when Zout becomes Z0, as that implies a perfect match at
ports 2 and 4. Conversely, more Pav-C|D is necessary when
Zout becomes a fully reactive load. Fig. 11 shows the contour
plot of Pout as a function of normalized impedance ZA/Z0 for
Re{ZA/Z0} < 0. When ZA = −Z0 the output power becomes
zero, since the control devices absorb all the distortion power,
leaving no remaining control power. This effect is achieved
only when α = −2.

C. Load-Modulation Solution Space

Fig. 12 is a 3-D Smith chart (or Smith sphere) [29], which
is a convenient way to associate the α values necessary to
load-modulate the drive impedance ZA to any point within the
complex impedance plane for some nonzero Pin. The northern
hemisphere is a projection of the familiar (2-D) Smith chart.
Here, all complex impedances have a nonnegative real part and
all α ≥ 0, meaning that modulated ZA values in this region
will result in some power coupling to the output. The north
pole represents a perfect match (ZA/Z0 = 1) and α = 0 and
reaching it requires Pav-C/Pin → ∞. Load-modulating toward
the northern VSWR parallel, bound by α = 1, requires Pav-C =

Pin. The equatorial VSWR parallel represents purely reactive
loads, for which α tends to ±∞ depending on whether the
equator is approached from the north or the south, respectively.
When coupling, reaching the equator does not require any
Pav-C. The contour Fig. 8 is a linear projection of the northern
hemisphere, where the circular parallels of the Smith sphere
become ellipses [29].

The southern hemisphere contains all complex impedances
that have negative real part and all α ≤ −2, meaning power
absorption is possible. The southern VSWR parallel bound
by α = −3 requires Pav-C = −Pin/3. Consequently, power
absorption is not optimal as the output power at port 3 will be
Pout = Pin/3. Finally, the south pole represents a perfect anti-
match (ZA/Z0 = −1) and α = −2, and reaching it requires
Pav-C = −Pin/2 from (42), which is the optimal condition
for absorbing all unwanted power. The contour plots of
Fig. 10 is also a linear projection of the southern hemisphere,
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in which the circular parallels of the Smith sphere also become
ellipses [29].

D. Minimum Control Power

Equations (46) and (47) reveal that the coupling and absorp-
tion mechanisms oppose each other with regards to the choice
of Zout. The coupling mechanism requires no control power
when Zout is purely reactive and an infinite amount of control
power when the control PA’s output impedance becomes Z0.
Conversely, the absorption mechanism requires no control
power when Zout = Z0 and an infinite amount of control power
when Zout becomes purely reactive.

The total available control power, Pav-C|T, necessary to
achieve both coupling and absorption with respect to Zout is

Pav-C|T = Pav-C|M + Pav-C|D (48)

which can be rearranged using (46) and (47) in terms of α

such that

Pav-C|T =
PM

α
+

α

4
PD. (49)

This relation is valid only when the conditions of (44)
are met. By separating the main PA’s output into PM and
PD we can determine an optimal Zout between the two
load-modulation mechanisms such that the least amount of
control power is necessary to satisfy both

d
dα

PT = −
PM

α2 +
PD

4
= 0 (50)

for which the optimum occurs when

α = 2

√
PM

PD
. (51)

This result allows us to relate Zout directly to PM and PD.
Direct substitution of the optimum α in (49) allows us to
determine the minimum necessary available control powers

Pav-C|M = Pav-C|D =
1
2

√
PM PD. (52)

This remarkable result shows that the required available
control power necessary to fully couple every tone that is
part of the main output power coming out of the main device
to the output port is equal to the available control power
necessary to fully absorb every distortion tone and that both
amounts are entirely determined by the total amount of main
and distortion power. The minimum available control power
per device necessary to both couple and absorb a given amount
of wanted and unwanted power is simply the geometric mean
of the total main and total distortion powers

PT-min =

√
PM PD. (53)

E. Optimum Control Device Output Impedance

Thus, PM and PD uniquely determine the optimum Zout at
which coupling and absorption can be achieved using the least

Fig. 13. Relative total control power from a single control PA necessary
to couple a reference PM and absorb different relative amounts of PD as
a function of Zout. The PT-min curve shows the minimum relative available
control power.

available total control power. A compact solution for a purely
real Zout is

Zout/Z0 =

1 ∓

√
α

2+α

1 ±

√
α

2+α

(54)

the values of which define a VSWR circle with respect to Z0,
which also contains all complex solutions as already illustrated
in Fig. 12. If the VSWR circle intersects the real axis of the
Smith chart at, e.g., 8.58 or 291.42 �, then all impedances
which lie on the circle will produce the same α, e.g., Zout =

9.5 + j16.1 �.
As a broader example, when the main device operates

in compression and amplifies two tones each at 30 dBm,
the resulting sum total main power is PM = 33 dBm.
Consequently, several IMD tones emerge across the spectrum
whose sum total is assumed here to be PD = 13 dBm.
Using (51), we find that α = 20 and the optimum output
impedance that the control devices must have is a VSWR
circle which intersects the real axis of the Smith chart at
approximately 1.2 �. The minimum available control power
per control device necessary to couple all PM and absorb all PD
becomes PT-min = 23 dBm with Pav-C|M = Pav-C|D = 20 dBm.
The control devices need to deliver 10 dB less power than the
main device, allowing them to remain significantly linear. The
control power used to couple every main tone to the output is
also conserved (α = 20), so Pout = 33.4 dBm.

Fig. 13 shows the amount of available control power that
each control device must deliver in order to couple a reference
PM power and absorb a relative PD power (dBc) as a function
of Zout in a 50 � environment. The output impedance is shown
only as real for the sake of clarity. The PT-min curve shows the
minimum available control power as PD increases.

F. System Efficiency

The overall system efficiency, ηLML, is defined as the
ratio between useful output RF power, PRF,out, and total dc
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Fig. 14. Total system efficiency as function of increasing relative distortion
power PD in dBc for several control device efficiencies. The main device’s
efficiency is fixed at ηM = 50%.

power, Pdc,total, under the condition that the system operates at
minimum control power. So,

ηLML =
PRF,out

Pdc,total
=

(
α+2
α

)
PM

Pin
ηM

+
2PT-min

ηC

=
(PM + PT-min)ηMηC

(PM + PD)ηC + 2PT-minηM
(55)

where ηM and ηC are the device efficiencies [30] of the main
and control devices, respectively. In a real system, the control
devices will be sized according to the necessary power for the
LML to work at sufficient linearity. Therefore, they are likely
to be less efficient than the main PA operating in compression.

For example, if ηM = 50%, ηC = 25%, and PD = −20 dBc,
the total system efficiency would only decrease to 39%,
as shown in Fig. 14. As the relative amount of PD increases,
the overall system becomes less and less efficient as more
Pav-C|D is necessary to absorb it. High efficiency and low power
control devices are particularly useful in this configuration.

IV. EXPERIMENTAL VALIDATION

Based on (51), (53), and (54), and Fig. 13, we dimensioned
a setup for the experimental validation of the theory. The
topology of the proposed LML system is shown in Fig. 15.
It is constructed using three identical commercial PAs (ZRL-
2400LN+, 1 − 2.4 GHz) with input-related P1 dB = −9 dBm
and P3 dB = −7 dBm. The LML consists of two control
amplifiers, PAC, whose output impedance Zout is set to 8 �

(α ≈ 2.2) using a pair of custom PCB-based quarter-wave
transformers. The main PA, PAM, operates in compression
where it is most efficient (drain efficiency ηM = ηC ≈ 4.5%
at P1 dB and 7% at P3 dB) and produces an amount of desired
power, PM, and an amount of unwanted distortion power,
PD, spread across the bandwidth of interest. It is important
to consider how the main PA affects the harmonics at the
output of the LML. Since the system is main PA agnostic,
we make no assumptions about the nature of these harmonics

distortion (HD) products. For example, the harmonics might be
terminated inside the main PA, in which case there will be no
change in the behavior of the LML. Alternatively, the main PA
might not have any internal harmonic suppression, in which
case they will be attenuated as they fall outside the operational
bandwidth of the hybrid coupler. Finally, the harmonics from
the main PA can interact with the harmonics of the control
PAs, however small they may be, with a random amplitude
and phase relation, as they cannot be directly controlled. The
random phase and amplitude harmonic interactions will result
in some active load-modulation but are, on average, unlikely
to actively modulate exactly to Z∗

out and any other deviation
from that value will result in some degree of attenuation of the
harmonics in question [see (44)]. In addition, the HD products
will generate even order IMD products, such as IM2, some
of which might fall within the operational bandwidth of the
hybrid coupler, and thus the system. They can be just as easily
absorbed as long as the system model takes these processes
into consideration.

The two main input tones, centered at 2 GHz, are gener-
ated using two signal generators, and the coupling (2) and
absorbing (4) control tones are generated using six separate
signal generators, which are represented by a single piece of
equipment for clarity. Wilkinson combiners (ZN2PD2-63-S+,
0.35 − 6 GHz and ZN4PD-63HP-S+, 0.25 − 6 GHz) are used
to guarantee 20 dB of isolation between the generators. The
combiners and the quadrature hybrid couplers (ZX10Q-2-27-
S+, 1.7 − 2.7 GHz) have an insertion loss of approximately
0.9 dB each; these losses were compensated for in the signal
generation and it is assumed that Zout remains sufficiently
constant across the bandwidth of operation.

The PAM is driven at its P3 dB compression point by two
tones 100 kHz apart, producing two main tones as well as
several unwanted IMD tones. Once the amplitude of each
control tone is evaluated, they are individually phase-shifted
until the desired effect is achieved. A suppression of 30 dB
requires a phase accuracy of ±2◦ and an amplitude accuracy
of ±0.5 dB.

Fig. 16(a) shows the output spectrum of the PAM operating
at its P3 dB compression point, amplifying two main tones and
producing several out of band IMD components, the strongest
ones being IM31, IM32, IM51, and IM52. In Fig. 16(b) an
overall IMD suppression of about 30 dB is measured, while
coupling the main tones and their control tones at the output.
A slight increase in Pout comes from the contribution of the
control tones due to α. As an added benefit, tones that are
not actively absorbed, such as IM7 and higher-order ones (not
shown in Fig. 16), experience a passive attenuation of about
3 dB, due to Zout = 8 �, when they reach the output port.

A. Benchmarking Against DPD

We compare the LML to the simplest form of DPD,
implemented as shown in Fig. 17. Two main tones and two
IM3 correction tones are generated and combined in the same
way as with the LML and are applied to the same PAM.

The output power of the LML and DPD systems is com-
pared to that of the main PA’s PM as a function of input power
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Fig. 15. (a) Photograph and (b) schematic of the measurement setup of
LML. The two coupling and four absorbing tones are generated separately
using six signal generators on the control side and the two main input tones
are generated 100 kHz apart on the PAM side using two signal generators.

and the results are shown in Fig. 18(a) and (b). The LML
maintains a constant relative power increase over PAM due to
the contribution of the control PAs, whereas the DPD system,
due to its different nature, incurs a certain power cost from the
correction tones. The LML does not restrict the output power
as the input power is increased past the P1 dB compression
point. On the other hand, the DPD system causes an eventual
gain compression as suppressing the growing IM3 products
requires a corresponding (exploding) power increase in the
correction tones.

In a similar manner, the suppression of the IM3 tones is
compared between the LML and DPD in Fig. 18(c) and (d).
Both the LML and DPD are about equally sensitive to ampli-
tude and phase errors in the control and correction tones,
respectively, but the LML does not influence the behavior of
IMD the same way DPD does. The two systems are able to
suppress the IM3 tones about equally well, however, the LML
can selectively absorb individual unwanted tones and requires
simpler control signals, which also simplifies the necessary
control scheme.

We compare the sensitivity of the LML and DPD systems
to amplitude and phase variations in the absorption control
tones. First, the main PA is set to its P1 dB compression point
and the IM31 and IM32 components are suppressed to their
lowest possible level. Then, both absorption control signals

Fig. 16. Output spectrum of the PAM operating at P3dB for (a) PAM output
and (b) LML output. The spectrum shown in (b) is averaged to better illustrate
the amount of achieved suppression.

are varied equally in amplitude and phase. Fig. 19(a) shows a
contour plot of the measured sensitivity of the LML to such
variations.

A suppression of 20 dB of both IM3 products requires an
amplitude and phase accuracy of approximately 1.5 dB and
10◦, respectively. Since the LML operates at the output of the
main PA, it can target specific IMD tones independently of
one another without affecting the rest (as long as the control
PAs operate in their linear regime). This ability to target tones
independently is highlighted by the similar trajectories of the
IM31 and IM32 attenuation contours, which will relax the
amount of digital computation required.

This is not the case for DPD even in the memory-less
example, however, as shown in Fig. 19(b). The same procedure
is repeated for the DPD arrangement—first the IM31 and
IM31 are suppressed to their lowest possible level, then both
control signals are varied. A suppression of 20 dB of both
IM3 products requires an amplitude and phase accuracy of
approximately 1.0 dB and 5◦, respectively. This is directly
related to the additional higher-order tones that are indirectly
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Fig. 17. (a) Photograph and (b) schematic of the measurement setup of DPD
with two main tones and two correction tones generated 100 kHz apart.

Fig. 18. Output power of LML and DPD systems relative to PAM’s
output power for a range of input powers. (a) Output tones of PAM and
LML. (b) Output tones of PAM and DPD. (c) IM3 tones of PAM and LML.
(d) IM3 tones of PAM and DPD.

generated by the DPD correction tones, which introduce inter-
dependencies. This undesired behavior prevents the DPD from
being effective at higher compression levels. The complex
interaction of the correction tones with the IMD products is
clearly visible in how different the IM31 and IM32 attenuation
contours are from one another.

Overall, the LML requires the same amount of baseband
BW as the DPD solution, since it needs to correct for every
OOB distortion component [31]. The computational complex-
ity is also expected to be similar since, for a practical system,
both DPD and the LML need to estimate coefficients of a
memory-based PA model in order to generate the necessary
correction tones. Thus, both systems need to also implement
a feedback mechanism in their designs. Thus, the complexity
of the LML relative to DPD lies solely in the additional

Fig. 19. Achieved IM3 suppression when the amplitude and phase of both
cancellation tones are varied. Suppression of IM31 is in black and IM32 is
dashed. The heatmap measurements are performed at the P1 dB compression
point of the main PA. (a) LML. (b) DPD.

necessary hardware, which is offset by the additional output
power increase as well as the benefit of operating the main
PA in strong compression, where it is most efficient.

V. CONCLUSION

In this work, we have presented a general framework for
analyzing the active input impedances of a network with
arbitrary terminations and connected to active devices. The
complete network solution also provides insights into the effect
of output load mismatch on the active input impedance seen
by the active devices. By applying it to standard quadrature
couplers, we have shown that several seemingly different sys-
tems such as diode linearizers, BPAs, and the LMBA share key
properties and can be classified in terms of current relations
and load-modulation capabilities. In addition, a broad design
categorization based on their current boundary conditions has
been presented which we hope to be insightful for others to
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further explore the many still hidden variations of microwave
devices, whose properties can then be further developed.

We have developed the underlying theory of using active
load-modulation for the problem of PA linearization in a feed-
forward configuration. The design is similar in arrangement
to the LMBA and achieves two key tasks—it is capable of
coupling all desired power toward the output in a lossless
manner and is also able to fully absorb unwanted OOB power.
The performance of the LML is not dependent on the choice of
the topology of the main PA, only on the amount of wanted
main power and unwanted distortion power generated by it.
The LML combines the power conservation properties of the
LMBA with the ability to linearize at a very low power and
complexity penalty. The power coupling and power absorbing
mechanisms oppose each other in terms of the optimal output
impedance of the control PAs and require knowledge of the
amplitude and phase relations of the desired tones and the
unwanted IMD products at the output of the PA. The minimum
available control power per device necessary to both couple
and absorb a given amount of wanted and unwanted power
is simply the geometric mean of the total main and total
distortion powers.

The proposed mechanism is capable of easily absorbing
unwanted AM/AM distortion, however, it cannot correct for
AM/PM distortion. This is due to the fact that the LML needs
to “lock-on” on to the signals it couples and absorbs. This
makes the LML a very complimentary addition to existing
DPD systems, which can easily correct for AM/PM distor-
tion, but otherwise struggle with AM/AM distortion at high
compression levels.

The LML operates at the main PA’s output and it neither
influences the IMD mechanisms, nor does it constrain the
output power like DPD does. Our prototype achieves IMD
suppression of about 30 dB, while the main PA operates at
P3 dB and above, with a phase and amplitude error tolerance
of ± 2◦ and ±0.5 dB, respectively. Additionally, IMD compo-
nents not load-modulated by the LML are passively attenuated
due to the mismatch between Zout and Z0. When the main PA
is in OBO the LML achieves similar IMD suppression as DPD,
making it a suitable complement to existing DPD systems.
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