
Citation: Hao, P.; Song, M.; Wang, P.;

Shen, C. Design of a Millimeter-Wave

Broadband Linearizer Based on an

Extended Design Space. Electronics

2024, 13, 2000. https://doi.org/

10.3390/electronics13112000

Academic Editor: Jayant Parekh

Received: 26 April 2024

Revised: 14 May 2024

Accepted: 16 May 2024

Published: 21 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

electronics

Article

Design of a Millimeter-Wave Broadband Linearizer Based on an
Extended Design Space
Peng Hao , Minxian Song, Peng Wang and Ce Shen *

Yangtze Delta Region Institute (Huzhou), University of Electronic Science and Technology of China,
Huzhou 313001, China; penghao@csj.uestc.edu.cn (P.H.)
* Correspondence: shenc@csj.uestc.edu.cn

Abstract: In this study, a broadband linearizer design method based on an extended design space is
proposed to optimize the design complexity and linearization performance of conventional linearizers
for broadband operation. The gain characteristics of the power amplifier (PA) and linearizer are fitted
to simplify the analyses and to quickly derive the ideal objective function of the linearizer design.
Then, the 1 dB compression point of a nonlinear system is redefined and used to further extend the
design space of the linearizer. To verify the proposed design method, a millimeter-wave linearizer
prototype based on the extended design space was designed and fabricated. The linearizer was tested
with continuous-wave and 100 MHz two-tone signals from 40 GHz to 43 GHz. The measurement
results of the linearized PA showed that the output 1 dB power point (OP1dB) was improved by more
than 1.7 dB, the phase error was reduced by more than 15◦, and the third-order intermodulation
distortion (IMD3) was suppressed by 8.6 dB–13.1 dB over the working frequencies. The proposed
linearizer achieved good linearization performance, low power consumption, and simple design
implementation, and it was not necessary to tune the bias during broadband operation, making it
applicable in complex communication scenarios.

Keywords: predistortion linearizer; millimeter wave (MMW); 1 dB power point; design space
extension; power amplifier (PA)

1. Introduction

Millimeter-wave (MMW) communications can provide richer available spectra and
higher data capacity than the conventional sub-6 GHz band; however, the wider RF work-
ing bandwidth and signal bandwidth of the MMW band exacerbate conflicts between the
energy efficiency and signal quality of communication systems [1–4]. Linearization tech-
niques can effectively alleviate these conflicts [5–7]. Digital predistortion (DPD) techniques
are widely used in sub-6 GHz communication systems to maintain good efficiency and
linearity; however, the cost and power consumption of DPD increases dramatically with
the increase in the RF working bandwidth and signal bandwidth [8–10]. Considering that
the MMW band has lower limitations on inter-channel interference than the sub-6 GHz
band, analog linearization techniques with simple implementations and low power costs
are more suitable for MMW communication systems [11–13].

Diode-based analog predistortion linearizers are currently among the most widely
used analog linearization techniques. A simple open-loop operation allows for extremely
low power consumption but limits the linearization performance, especially in broadband
operation [12–20]. Several new design methods have been proposed to enhance the perfor-
mance of analog linearizers. The spice model and the measured impedance of the diode
were used to predict the performance of a linearizer in [14–16]. Vector modulators and
multipliers can be utilized to tune the predistortion signals generated by a linearizer [17,18].
The amplitude and phase compensation of a linearizer were decoupled to improve the
tuning accuracy and linearization performance in [19,20]. However, bias tuning remains an
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unavoidable means of enhancing the linearization performance of broadband linearizers at
multiple frequencies, leading to increased complexity in both design and use.

Recently, a linearizer design platform based on the minimum amplitude and phase
error was proposed in [21]. It was validated for linearizer design in the sub-6 GHz band and
demonstrated superior performance; however, the preset objective function for linearizer
design on the platform was based on a single frequency, and with the increase in the
RF bandwidth in MMW communication, the difficulty of synthesizing linearizer design
using multi-frequency objective functions increased dramatically. Considering the reduced
requirement for linearity in the MMW band, simplified design and fast synthesis for
broadband operation in exchange for a small reduction in linearization performance are
conducive to the widespread use of linearizers.

In this study, the gain curves of a PA and linearizer are fitted to simplify the analysis
and quickly derive the ideal objective function of the linearizer. Because the design goals
of a broadband linearizer at different frequencies are difficult to satisfy simultaneously,
the 1 dB compression point of a nonlinear system was redefined and used to extend the
design space of the linearizer. Based on the extended design space, a broadband linearizer
was then designed to verify the proposed design method. The linearizer was tested with
continuous-wave and two-tone signals from 40 GHz to 43 GHz, and good linearization
performance was achieved with a simple design and implementation.

This study is organized as follows. In Section 2, the extended design space for lineariz-
ers is proposed and analyzed. In Section 3, a linearizer prototype based on the extended
design space is presented. The linearization platform setup and measurement results are
described in Section 4. Finally, the conclusions of this study are presented in Section 5.

2. Theory and Analysis
2.1. Three-Segment Fitting of Gain Curves for a PA and Linearizer

The schematic of a cascaded linearizer–PA system for linearization is shown in
Figure 1a. The input power of the linearizer is defined as PRF, the output power of the
linearizer and the input power of the PA are defined as PLIN , and the output power of the
PA is defined as POUT . By using the linearizer, the input 1 dB compression power (IP1dB)
and output 1 dB compression power (OP1dB) of the PA can be extended.

To design a predistortion linearizer with effective compensation, the gain curves of
the PA and linearizer should be inverse. To analyze the curves naturally, real gain curves,
shown by the gray lines in Figure 1b, were fitted to three line segments, shown by the black
lines [22].

The gain curve of the PA versus its input power (PIN) exhibits gain compression
features, as shown at the top of Figure 1b. The first segment characterizes the gain features
with a small input power; the PA works in the linear region, and the gain was fixed at
GPA. The second segment is the tangent line of the real gain curve at IP1dB, the slope of
which is −k; this was used to fit the gain compression region. The third segment was
used to model the gain curve of the PA in the saturation region. In this region, the output
power is constant and invariant with the input power changes, and the gain has a negative
correlation with the input power. The input power that the gain of the PA starts to compress
is defined as PL, and the power at which the output power stops increasing is defined as PS.

The gain of the linearizer versus its output power (PLIN) with the gain compensation
feature is depicted at the bottom of Figure 1b. It was easier to calculate the gain compensa-
tion curve versus its output power than versus its input power, as the gain of the linearizer
could be added to the gain of the PA using the same reference.
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Figure 1. (a) Schematic of the cascaded linearizer–PA system for linearization. (b) Fitting of the gain
curves of the PA and predistortion linearizer.

For an actual PA, the GPA, PL, and PS are known and constant, allowing the gain
compensation curve to be determined. In order to minimize the distortion due to gain
compression, the slope of the gain compression region needs to be eliminated. Through
simple mathematical derivation, it is easy to find that the gain compensation curve needs
to be symmetrical with respect to the gain compression curve. As shown at the bottom of
Figure 1b, the gain of the linearizer increases with slope k when the gain of the PA decreases
with slope −k. Note that if the PA works in the linear region or the saturation region, the
gain of the linearizer does not improve the linearity; this, the gain of the linearizer was
fixed to −Gmax in the linear region and −Gmin in the saturation region in order to simplify
the design.

Using the gain compensation curve of the linearizer versus its output power in
Figure 1b, it can be easily found that the gain of the linearizer GLIN can be written as

GLIN =


−Gmax for PLIN ≤ PL

k(PLIN − PL)− Gmax for PL ≤ PLIN ≤ PS

−Gmin for PLIN ≥ PS.

(1)

Moreover, the gain function of the linearizer is provided by

PLIN = PRF + GLIN . (2)



Electronics 2024, 13, 2000 4 of 19

According to (1) and (2), the ideal gain of the linearizer versus its input power PRF can
be simply derived as follows:

GLIN =



−Gmax for PRF ≤ PL + Gmax

k
1 − k

×(PRF − PL)−
Gmax

1 − k
for PL + Pmax ≤ PRF ≤ PS + Pmin

−Gmin for PRF ≥ PS + Gmin

. (3)

Based on the gain characteristics of the PA and Equation (3), the objective function
for the design of the linearizer can be calculated, and the linearized PA achieves good
linearity when the gain of the linearizer complies with Equation (3). However, it is difficult
for broadband linearizers and PAs to simultaneously satisfy the gain functions in (3) at
different frequencies. The conventional linearizer control method for improving broadband
performance by adjusting the bias voltage is not applicable to complex communication
scenarios. The objective function of the linearizer requires an extension of the solution
space in order to fit the design theory of broadband linearizers without bias tuning. The
1 dB compression point of the PA is usually used to evaluate its linear output capabilities,
and can be used to extend the design space of linearizers to some degree.

2.2. Extension of the Definition of the 1 dB Compression Point

The 1 dB compression point of the PA is defined as the actual gain compressed by 1 dB
compared with the linear gain; the output power of the PA at that point is usually considered
the maximum output with good linearity [23]. The gain characteristics of a cascaded
linearizer–PA system are more complex than those of a PA. For an ideal linearizer, as shown
in Figure 1b, the gain compression characteristics of the PA can be fully compensated
without introducing additional gain fluctuations. The actual linearizer–PA system exhibits
gain expansion characteristics, as the gain expansion turn-on point of the linearizer is
earlier than the gain compression turn-on point of the PA or the linearizer overcompensates
for the gain compression of the PA, as shown in Figure 2.

(a) (b) (c)

Gain of PA w/o linerizer
Gain of PA w/ linerizer

Gain of ideal linearizer

Gain of actual linearizer

(dBm)LINP

(dB)Gain (dB)Gain (dB)Gain

(dBm)LINP (dBm)LINP

Figure 2. Gain curves of different linearizer–PA systems: (a) ideal compensation, (b) gain expansion
due to earlier turn-on, and (c) gain overcompensation.

Because a PA may exhibit gain expansion characteristics after using a linearizer, and
because the nonlinearity produced by gain expansion or compression of 1 dB is comparable
for nonlinear systems, the conventional definition of the 1 dB compression point of the PA
needs to be extended to match that when the gain of the system first fluctuates by 1 dB
from the small-signal gain. This can be achieved through either gain expansion or gain
compression. The input and output power at this point is then defined as the 1 dB power
point for the system.
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Similarly, the conventional definition of the PA’s linear output power range when
using the 1 dB compression point can be extended. In this case, the design goal of the
linearizer is redefined as ensuring that the gain fluctuation of the linearized PA system
in comparison with the small-signal gain is less than 1 dB over the dynamic range of the
input, which provides more space for the design of linearizers.

2.3. Design Space Extension for Broadband Linearizers

This section provides an analysis of the gain characteristics of the design space of the
linearizer based on the redefined linearizer design goal from the previous section. The
phase characteristics can usually be compensated for by optimizing the design of the PA;
thus, the analysis in this section can be used when phase compensation is required.

For the fitting curve of the gain in Figure 1b, the minimum gain of the linearizer −Gmax
was assumed to be 0 dB in order to simplify the analysis, which was achieved by tuning the
gain of the small-signal amplifier to compensate for the insertion loss of the linearizer. The
expanded gain space of the linearized PA system is shown by the shaded area in Figure 3.
The x-axis represents the input power of the PA, i.e., the output power of the linearizer. The
power range of the shaded area is from the PA’s gain compression turn-on point PL to the
saturation input PS, and the gain range is the gain fluctuation of 1 dB in comparison with
the linear gain of the PA. A linearized PA can be considered to achieve good linearity when
the gain curves of the cascaded linearizer–PA system are within the shaded area, as shown
in Figure 3.

PAG
1PAG +

1PAG −

LP
SP

1
LP

k
+

−1

−k

(dB)Gain

(dBm)LINP

Figure 3. Expanded gain space of the linearized PA system (shaded area).

It can be seen in Figure 3 that the output power of the gain expansion turn-on point
of the ideal linearizer should be equal to PL; however, power limitations lead to increased
complexity of linearizer design. In this section, three cases are analyzed where the gain
expansion turn-on point of the linearizer is equal to, greater than, and less than PL.

2.3.1. The Gain Expansion Turn-On Point Is Equal to PL

Figure 4 shows a partial view of the shaded area from Figure 3; the endpoints of the
area are labeled using the power and gain, and the area is the gain space of a cascaded
linearizer–PA system with good linearity. Because the gain expansion turn-on point of the
linearizer is equal to PL, it can be seen that the cascaded gain curve crosses the point of
(PL, GPA).
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Figure 4. Gain space of the cascaded system with good linearity.

First, the maximum expansion slope available for the design of the linearizer is an-
alyzed. It can be seen in Figure 4 that the cascaded gain cannot be greater than GPA + 1
when the power is less than PS − 2/k. On the one hand, assuming that the cascaded gain is
equal to GPA + 1 at a power of less than PS − 2/k, if the gain of the linearizer continues to
expand, then the cascaded gain will be more than GPA + 1 with the power increase. Thus,
the linearization design goal of ensuring that gain fluctuations are less than 1 db is not
achieved. If the gain of the linearizer is kept constant, then the gain compression of the
PA from the power of PS − 2/k to the saturated power point PS will be more than 2 dB,
making the cascaded gain less than GPA − 1; again, the goal of the linearization design is
not achieved. Usually, the saturation power of a PA is defined as the output power with
gain compression of 3 dB or more. From the gain curve of the PA shown in Figure 1b, it can
be found that

(PS − PL)× (−k) ≤ −3, (4)

where 0 < k < 1. Equation (4) can be rewritten as

PS − 2/k ≥ PL + 1/k. (5)

Notably, all of the analyses in this section based on Figure 4 are restricted to the
power–gain relationship given in (5).

Next, the minimum expansion slope available for the design of the linearizer is
analyzed. Similar to the analysis of the maximum slope, it is obvious that the cascaded gain
cannot be less than GPA − 1 when the power is less than PS, otherwise the linearization
design goal is not achieved. Based on the above analysis, the cascaded gain design space in
which the gain characteristics of the linearizer and PA begin to change simultaneously (i.e.,
the gain expansion turn-on point is equal to PL) and achieve the linearization design goal is
shown by the shaded area of Figure 5a.

It should be noted that the gains mentioned in the analysis in this section correspond
to a power-independent variable PLIN . The cascaded gain can be written as

Gcas(PLIN) = GPA(PLIN) + GLIN(PLIN). (6)

According to the gain of the PA, as shown in Figure 1b and Equation (6), the design
gain space of the linearizer versus its output power is presented in the shaded area of
Figure 5b. Then, the design gain space of the linearizer versus its input power can be
obtained from (2), as shown in the shaded area of Figure 5c. The area is the objective
gain space of the linearizer design. The linearizer–PA system is able to achieve the preset
linearization goal if its cascaded gain curves are located in the shaded area shown in
Figure 5c. Similar analyses can be used when the gain expansion turn-on point of the
linearizer is greater or less than PL.



Electronics 2024, 13, 2000 7 of 19

 ( ), 1S PAP G +

 ( ), 1S PAP G −

( ),L PAP G

2
, 1S PAP G

k

 
− + 

  ( ), 1L PAP G +

 ( ), 1S PAP G +

 ( ), 1S PAP G −

( ),L PAP G

2
, 1S PAP G

k

 
− + 

 

 ( ), 1S PAP G +

 ( ), 1S PAP G −

( ),L PAP G

2
, 1S PAP G

k

 
− + 

 
 ( ), 1L PAP G +

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP 1
,0LP

k

 
+ 

 

( ),1LP

( )
2

, 1S S LP k P P
k

 
− − − 

 

 1
, 1L PAP G

k

 
+ − 

 

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

 ( ), 1S PAP G +

 ( ), 1S PAP G −

( ),L PAP G

2
, 1S PAP G

k

 
− + 

 

 1
, 1L PAP G

k

 
+ − 

 

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP 1
,0LP

k

 
+ 

 

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP

( ),1LP

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP 1
,0LP

k

 
+ 

 

( ),1LP

1
,0LP

k

 
− 

 

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP
1

,0LP
k

 
+ 

 

( )1,1LP −

1
,0LP

k

 
− 

 

( )
,0

2

S L
L

S L

P P
P

k P P

 −
−  − − 

( ) ( )( ),S S L S LP k P P k P P− − −

( )
2

, 1S S LP k P P
k

 
− − − 

 

( )
2

, 1S S LP k P P
k

 
− − − 

 

( )
2

, 1S S LP k P P
k

 
− − − 

 

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

( )
2

, 1S S LP k P P
k

 
− − − 

 

( )
,0

2

S L

L

S L

P P
P

k P P

 −
−  − − 

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

1
,0LP

k

 
− 

 

( )
,0

2

S L
L

S L

P P
P

k P P

 −
−  − − 

( ) ( )( ),S S L S LP k P P k P P− − −

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

(dB)Gain

(dBm)LINP

(a)

 ( ), 1S PAP G +

 ( ), 1S PAP G −

( ),L PAP G

2
, 1S PAP G

k

 
− + 

  ( ), 1L PAP G +

 ( ), 1S PAP G +

 ( ), 1S PAP G −

( ),L PAP G

2
, 1S PAP G

k

 
− + 

 

 ( ), 1S PAP G +

 ( ), 1S PAP G −

( ),L PAP G

2
, 1S PAP G

k

 
− + 

 
 ( ), 1L PAP G +

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP 1
,0LP

k

 
+ 

 

( ),1LP

( )
2

, 1S S LP k P P
k

 
− − − 

 

 1
, 1L PAP G

k

 
+ − 

 

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

 ( ), 1S PAP G +

 ( ), 1S PAP G −

( ),L PAP G

2
, 1S PAP G

k

 
− + 

 

 1
, 1L PAP G

k

 
+ − 

 

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP 1
,0LP

k

 
+ 

 

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP

( ),1LP

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP 1
,0LP

k

 
+ 

 

( ),1LP

1
,0LP

k

 
− 

 

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP
1

,0LP
k

 
+ 

 

( )1,1LP −

1
,0LP

k

 
− 

 

( )
,0

2

S L
L

S L

P P
P

k P P

 −
−  − − 

( ) ( )( ),S S L S LP k P P k P P− − −

( )
2

, 1S S LP k P P
k

 
− − − 

 

( )
2

, 1S S LP k P P
k

 
− − − 

 

( )
2

, 1S S LP k P P
k

 
− − − 

 

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

( )
2

, 1S S LP k P P
k

 
− − − 

 

( )
,0

2

S L

L

S L

P P
P

k P P

 −
−  − − 

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

1
,0LP

k

 
− 

 

( )
,0

2

S L
L

S L

P P
P

k P P

 −
−  − − 

( ) ( )( ),S S L S LP k P P k P P− − −

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

(dB)Gain

(dBm)LINP

(b)

 ( ), 1S PAP G +

 ( ), 1S PAP G −

( ),L PAP G

2
, 1S PAP G

k

 
− + 

  ( ), 1L PAP G +

 ( ), 1S PAP G +

 ( ), 1S PAP G −

( ),L PAP G

2
, 1S PAP G

k

 
− + 

 

 ( ), 1S PAP G +

 ( ), 1S PAP G −

( ),L PAP G

2
, 1S PAP G

k

 
− + 

 
 ( ), 1L PAP G +

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP 1
,0LP

k

 
+ 

 

( ),1LP

( )
2

, 1S S LP k P P
k

 
− − − 

 

 1
, 1L PAP G

k

 
+ − 

 

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

 ( ), 1S PAP G +

 ( ), 1S PAP G −

( ),L PAP G

2
, 1S PAP G

k

 
− + 

 

 1
, 1L PAP G

k

 
+ − 

 

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP 1
,0LP

k

 
+ 

 

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP

( ),1LP

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP 1
,0LP

k

 
+ 

 

( ),1LP

1
,0LP

k

 
− 

 

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP
1

,0LP
k

 
+ 

 

( )1,1LP −

1
,0LP

k

 
− 

 

( )
,0

2

S L
L

S L

P P
P

k P P

 −
−  − − 

( ) ( )( ),S S L S LP k P P k P P− − −

( )
2

, 1S S LP k P P
k

 
− − − 

 

( )
2

, 1S S LP k P P
k

 
− − − 

 

( )
2

, 1S S LP k P P
k

 
− − − 

 

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

( )
2

, 1S S LP k P P
k

 
− − − 

 

( )
,0

2

S L

L

S L

P P
P

k P P

 −
−  − − 

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

1
,0LP

k

 
− 

 

( )
,0

2

S L
L

S L

P P
P

k P P

 −
−  − − 

( ) ( )( ),S S L S LP k P P k P P− − −

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

(dB)Gain

(dBm)LINP

(c)

Figure 5. Design gain space of (a) a cascaded system with the same turn-on point, (b) a linearizer
versus its output, and (c) a linearizer versus its input.

2.3.2. The Gain Expansion Turn-On Point Is Less than PL

For the case in which the gain expansion turn-on point of the linearizer is less than
PL, the gain characteristics of the linearizer have two operating states (expanding and
constant); thus, the gain of the linearizer at the output power of PL should achieve the
following condition:

0 dB ≤ GLIN(PLIN = PL) ≤ 1dB (7)

which can make the cascaded gain fluctuation less than 1 dB. The cascaded gain design
space that achieves the linearization design goal is shown in the shaded area of Figure 6a.
The cascaded gain at the power of PL can be any value from GPA to GPA + 1. Similar to the
previous analysis, the gain design space of the linearizer versus its output power can be
seen in Figure 6b, and the space versus input power can be seen in Figure 6c.



Electronics 2024, 13, 2000 8 of 19

 ( ), 1S PAP G +

 ( ), 1S PAP G −

( ),L PAP G

2
, 1S PAP G

k

 
− + 

  ( ), 1L PAP G +

 ( ), 1S PAP G +

 ( ), 1S PAP G −

( ),L PAP G

2
, 1S PAP G

k

 
− + 

 

 ( ), 1S PAP G +

 ( ), 1S PAP G −

( ),L PAP G

2
, 1S PAP G

k

 
− + 

 
 ( ), 1L PAP G +

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP 1
,0LP

k

 
+ 

 

( ),1LP

( )
2

, 1S S LP k P P
k

 
− − − 

 

 1
, 1L PAP G

k

 
+ − 

 

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

 ( ), 1S PAP G +

 ( ), 1S PAP G −

( ),L PAP G

2
, 1S PAP G

k

 
− + 

 

 1
, 1L PAP G

k

 
+ − 

 

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP 1
,0LP

k

 
+ 

 

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP

( ),1LP

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP 1
,0LP

k

 
+ 

 

( ),1LP

1
,0LP

k

 
− 

 

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP
1

,0LP
k

 
+ 

 

( )1,1LP −

1
,0LP

k

 
− 

 

( )
,0

2

S L
L

S L

P P
P

k P P

 −
−  − − 

( ) ( )( ),S S L S LP k P P k P P− − −

( )
2

, 1S S LP k P P
k

 
− − − 

 

( )
2

, 1S S LP k P P
k

 
− − − 

 

( )
2

, 1S S LP k P P
k

 
− − − 

 

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

( )
2

, 1S S LP k P P
k

 
− − − 

 

( )
,0

2

S L

L

S L

P P
P

k P P

 −
−  − − 

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

1
,0LP

k

 
− 

 

( )
,0

2

S L
L

S L

P P
P

k P P

 −
−  − − 

( ) ( )( ),S S L S LP k P P k P P− − −

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

(dB)Gain

(dBm)LINP

( )dBmRFP

( )dBLING

(a)

 ( ), 1S PAP G +

 ( ), 1S PAP G −

( ),L PAP G

2
, 1S PAP G

k

 
− + 

  ( ), 1L PAP G +

 ( ), 1S PAP G +

 ( ), 1S PAP G −

( ),L PAP G

2
, 1S PAP G

k

 
− + 

 

 ( ), 1S PAP G +

 ( ), 1S PAP G −

( ),L PAP G

2
, 1S PAP G

k

 
− + 

 
 ( ), 1L PAP G +

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP 1
,0LP

k

 
+ 

 

( ),1LP

( )
2

, 1S S LP k P P
k

 
− − − 

 

 1
, 1L PAP G

k

 
+ − 

 

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

 ( ), 1S PAP G +

 ( ), 1S PAP G −

( ),L PAP G

2
, 1S PAP G

k

 
− + 

 

 1
, 1L PAP G

k

 
+ − 

 

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP 1
,0LP

k

 
+ 

 

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP

( ),1LP

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP 1
,0LP

k

 
+ 

 

( ),1LP

1
,0LP

k

 
− 

 

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP
1

,0LP
k

 
+ 

 

( )1,1LP −

1
,0LP

k

 
− 

 

( )
,0

2

S L
L

S L

P P
P

k P P

 −
−  − − 

( ) ( )( ),S S L S LP k P P k P P− − −

( )
2

, 1S S LP k P P
k

 
− − − 

 

( )
2

, 1S S LP k P P
k

 
− − − 

 

( )
2

, 1S S LP k P P
k

 
− − − 

 

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

( )
2

, 1S S LP k P P
k

 
− − − 

 

( )
,0

2

S L

L

S L

P P
P

k P P

 −
−  − − 

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

1
,0LP

k

 
− 

 

( )
,0

2

S L
L

S L

P P
P

k P P

 −
−  − − 

( ) ( )( ),S S L S LP k P P k P P− − −

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

(dB)Gain

(dBm)LINP

( )dBmRFP

( )dBLING

(b)

 ( ), 1S PAP G +

 ( ), 1S PAP G −

( ),L PAP G

2
, 1S PAP G

k

 
− + 

  ( ), 1L PAP G +

 ( ), 1S PAP G +

 ( ), 1S PAP G −

( ),L PAP G

2
, 1S PAP G

k

 
− + 

 

 ( ), 1S PAP G +

 ( ), 1S PAP G −

( ),L PAP G

2
, 1S PAP G

k

 
− + 

 
 ( ), 1L PAP G +

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP 1
,0LP

k

 
+ 

 

( ),1LP

( )
2

, 1S S LP k P P
k

 
− − − 

 

 1
, 1L PAP G

k

 
+ − 

 

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

 ( ), 1S PAP G +

 ( ), 1S PAP G −

( ),L PAP G

2
, 1S PAP G

k

 
− + 

 

 1
, 1L PAP G

k

 
+ − 

 

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP 1
,0LP

k

 
+ 

 

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP

( ),1LP

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

( )( ), 1S S LP k P P− −

( )( ), 1S S LP k P P− +

( ),0LP 1
,0LP

k

 
+ 

 

( ),1LP

1
,0LP

k

 
− 

 

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP
1

,0LP
k

 
+ 

 

( )1,1LP −

1
,0LP

k

 
− 

 

( )
,0

2

S L
L

S L

P P
P

k P P

 −
−  − − 

( ) ( )( ),S S L S LP k P P k P P− − −

( )
2

, 1S S LP k P P
k

 
− − − 

 

( )
2

, 1S S LP k P P
k

 
− − − 

 

( )
2

, 1S S LP k P P
k

 
− − − 

 

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

( )
2

, 1S S LP k P P
k

 
− − − 

 

( )
,0

2

S L

L

S L

P P
P

k P P

 −
−  − − 

( ) ( )( )1, 1S S L S LP k P P k P P− − + − −

( ) ( )( )1, 1S S L S LP k P P k P P− − − − +

( ),0LP 1
,0LP

k

 
+ 

 

( )1,1LP −

1
,0LP

k

 
− 

 

( )
,0

2

S L
L

S L

P P
P

k P P

 −
−  − − 

( ) ( )( ),S S L S LP k P P k P P− − −

( ) ( )
2

1, 1S S L S LP k P P k P P
k

 
− − − + − − 

 

(dB)Gain

(dBm)LINP

( )dBmRFP

( )dBLING

(c)

Figure 6. Gain design space of (a) a cascaded system with an earlier linearizer turn-on, (b) a linearizer
versus its output, and (c) a linearizer versus its input.

2.3.3. The Gain Expansion Turn-On Point Is Greater than PL

For the case in which the gain expansion turn-on point of the linearizer is greater than
PL, the turn-on point of the linearizer obviously cannot be greater than PL + 1/k, otherwise
the gain compression would exceed 1 dB and the linearization design goal would not be
achieved. The cascaded gain design space with later linearizer turn-on is shown in the
shaded area of Figure 7a, while the gain design space of the linearizer versus its output
and input power can be seen in Figure 7b and Figure 7c, respectively.
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Figure 7. Gain design space of (a) a cascaded system with a later linearizer turn-on, (b) a linearizer
versus its output, and (c) a linearizer versus its input.

According to Figures 5c, 6c, and 7c, the expanded gain design space of the linearizer
can be obtained as shown in Figure 8. The yellow line in Figure 8 is the ideal gain curve
of the linearization design, and the green area shows the expanded design space based
on the proposed definition of the 1 dB power point. It should be noted that when the
output power of the linearizer is greater than PL, as indicated by the green area on the
right side of the black box line in Figure 8, the PA operates in the saturation region and the
linearizer does not have sufficient compensation capabilities to improve the linearity of
the PA; thus, the characteristics of linearizer in this region do not need to be considered in
the design process. When the gain characteristics of the designed linearizer fall within the
green region, those of the cascaded linearizer–PA system achieve the preset linearization
goal, that is, the linearized PA has a gain fluctuation of less than 1 dB compared with its
small-signal gain before it reaches saturated output power.
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Figure 8. Expanded gain design space of the linearizer.

3. Linearizer Design Based on the Extended Design Space

To verify the proposed method of design space expansion, a linearizer was designed
and simulated for a millimeter-wave PA with a saturation power of 65 W operating from
40 to 43 GHz. The gain and phase characteristics of the PA are detailed in Figure 9, and
the small-signal phase was normalized to 0◦. The gain characteristics of the PA were first
fitted in three segments using the method presented in Section 2.1. As an example, the
gain characteristics of the PA at a frequency of 40 GHz were fitted to the three segments, as
shown in Figure 10, with the key parameters of the fitting curves obtained as follows: GPA
of 58 dB, PL of −15 dBm, PS of −7.3 dBm, and a gain compression slope −k of −0.3. The
expanded gain design space was derived according to the key parameters and Figure 8,
and is shown in the green area of Figure 11. The design space analyses and calculations for
the phase characteristics were the same as for the gain characteristics.
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Figure 9. (a) Gain characteristics and (b) normalized phase error (NPE) of the PA.
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Figure 10. Original and fitted gain characteristics of the PA at a frequency of 40 GHz.
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Figure 11. Gain design space (green area) and measured gain curve (blue line) of the linearizer at
40 GHz.
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Then, a diode-based linearizer was designed while ensuring that its gain curve fell
within the extended design space, as shown in Figure 11. A π-type network was chosen to
design the linearizer [19]. The series microstrip line of the π-type network was replaced
with four-stage cascading microstrip lines to obtain multiple amplitude and phase charac-
teristics, and the bias voltage, resistor, and network parameters were tuned such that the
gain curve of the linearizer fell within the design space.

The layout of the proposed linearizer is shown in Figure 12a. An MA4E1317 millimeter-
wave Schottky diode produced by MACOM was used was, and the substrate was a Rogers
RT/duroid 5880 (εr = 2.2, H = 10 mil). The first radial stub had a radius of half a wavelength,
allowing for use as an RF choke, and the second radial stub with a half-wavelength line
was used to short the RF signal, which can reduce the inductance effect in comparison with
bias to the ground. The DC block of the input and output was realized using microstrip
cross-finger capacitors with an insertion loss of less than 0.1 dB.
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Figure 12. (a) Layout of the proposed linearizer and (b) photograph of the fabricated linearizer.

The simulation results for the linearizer at 40 GHz with different bias voltages are
provided in Figure 13. Differently colored lines and text correspond to different bias
voltages, and the bias resistor was fixed to 910 Ω. The gain characteristics at the gain
expansion turn-on and turn-off points of the linearizer with different biases are shown in
Figure 13 in three separate regions. According to the previous analysis, the linearizer design
focused on the turn-on points and expansion regions, as shown in Figure 13. From the line
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of the turn-on points (i.e., the dividing line between the linear region and expansion region),
as shown in Figure 13, it was calculated that the linearizer had similar gain expansion
turn-on output power (i.e., PL) when the network parameters were determined and that
the bias mainly affected the expansion slope.
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Figure 13. Simulation results for the proposed linearizer at 40 GHz with different bias voltages.

Comparing the design space shown in Figure 11 with that shown in Figure 13, it
should be noted that the minimum gain of the linearizer −Gmax in Figure 11 was assumed
to be 0 dB in order to simplify the analysis. The gain shown in Figure 13 was achieved by
cascading a small-signal amplifier after the linearizer to realize a small-signal gain of 0 dB.
The ideal linearizer function obtained with (3) corresponded to a gain curve with a bias
of 2 V, as shown in Figure 13. However, when using the extended design space shown in
Figure 8 to calculate the linearizer design space for 41.5 GHz and 43 GHz, the linearizer
was unable to achieve the preset linearization goal at 43 GHz and a bias of 2 V. Considering
the design space of multiple frequencies and the configuration of the small-signal amplifier,
a bias of 1.6 V was finally chosen to implement the proposed linearizer.

4. Measurements and Results
4.1. Measurement Platform

The proposed linearizer was fabricated and tested at 40 GHz, 41.5 GHz, and 43 GHz.
A photograph of the fabricated circuit is shown in Figure 12b. The measurement platform
used in this study was previously introduced, and the schematic of the linearization
platform is shown in Figure 14. A continuous-wave test and two-tone signal test were
both performed with the N5247A network analyzer from Keysight. The broadband signal
excitation could not be tested due to platform limitations.

An AMMC-5040 small-signal amplifier from Broadcom was used to compensate for
the insertion loss of the linearizer, ensuring that the gain of the linearizer was greater
than 0 dB within its operating power. This allowed the cascaded linearizer–PA system
to maintain the preset output dynamic range without the input dynamic range being
extended due to the loss introduced by the linearizer. The bias voltage and current of the
AMMC-5040 were 4 V and 150 mA, respectively. The bias current of the linearizer was
about 1 mA, and the total power consumption of the proposed linearizer with non-negative
gain within the operating power was about 0.6 W.
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GPIB

−40 dB −40 dB

Figure 14. Schematic of the linearization platform.

The output of the PA was fed into a directional coupler with a coupling of −40 dB,
with the coupled signal used as the reception signal for the N5247A. Another directional
coupler with a coupling of −40 dB was used to couple the signal to an N1914A power
meter from Keysight for power calibration. The N5247A and N1914A were connected and
interactively controlled using GPIB. A load was utilized for power collection. Because the
proposed linearizer does not need to regulate the power supply for testing at broadband
frequencies, not all of power supplies in the measurement platform are provided here.

4.2. Continuous-Wave Test

The proposed linearizer was first tested with a continuous wave. The scanning power
of the N5247A was set from −20 dBm to 0 dBm at 40 GHz, 41.5 GHz, and 43 GHz. The
measured gain and NPE characteristics of the linearizer are detailed in Figure 15. The
MA4E1317, which had a bias of 1.6 V and 910 Ω, offered a phase compensation of about
30◦over the frequency range. The gain curve of the linearizer at 40 GHz is shown in
Figure 11 for comparison; the minimum gain of the linearizer −Gmax was greater than
0 dB when the small-signal amplifier was added, and it can be seen that the gain curve fell
within the design space (green) and achieved the preset linearization goal.
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Figure 15. (a) Measured gain characteristics of the linearizer and (b) measured phase characteristics
of the linearizer.

Next, the cascaded linearizer–PA was tested under the same conditions. The measured
gain characteristics of the linearized PA are detailed in Figure 16. It can be seen in Figure 16a
that the linearized PA had a gain fluctuation of less than 1 dB compared with the small-
signal gain before the output power of 48 dBm, while the output 1 dB power point (OP1dB)
and the NPE were improved by more than 1.7 dB and 15◦ at the power of 48 dBm over the
operating frequency range, respectively.
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Figure 16. (a) Measured gain characteristics of the linearized PA and (b) measured phase characteris-
tics of the linearized PA.

4.3. Two-Tone Signal Test

Then, the linearized PA was tested with a two-tone signal with a spacing of 100 MHz.
The total output power of the PA was fixed at a 6 dB output back-off (OPBO). The third-
order intermodulation distortion (IMD3) of the PA with and without the linearizer at
the center frequencies of 40 GHz, 41.5 GHz, and 43 GHz was measured, with the results
shown in Figure 17. The IMD3 was suppressed by more than 13.1 dB, 10.5 dB, and 8.6 dB,
respectively, at these frequencies. All of the experimental results are summarized in Table 1.
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Figure 17. Spectra of the two-tone signal output with and without the linearizer at a center frequency
of (a) 40 GHz, (b) 41.5 GHz, and (c) 43 GHz.

Table 1. Experimental results.

Contents Frequency PA Linearized PA

OP1dB (dBm)
40 GHz 45.2 48.3

40.5 GHz 45.1 48.1
41 GHz 46.6 48.3

NPE (◦)
40 GHz 19.5 1.3

40.5 GHz 19.4 2.8
41 GHz 23.6 7.9

IMD3 (dBc) §
40 GHz −23.1/−23.6 −36.7/−37.5

40.5 GHz −23.9/−22.6 −36.6/−34.4
41 GHz −25.3/−24.3 −35.6/−33.9

§ Lower/upper band.
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The proposed broadband linearizer based on an extended design space was designed
to achieve good linearization over the entire working frequency without bias tuning. A
comparison between selected diode-based broadband linearizers and the one proposed
in this work is presented in Table 2. The IMD3 suppression values in the table were all
measured at 6 dB OPBP. The proposed linearizer achieved IMD3 suppression values of
8.6 dB–13.1 dB with a 100 MHz two-tone signal at 6 dB OPBO from 40 GHz to 43 GHz.
A comparison between recent diode-based linearizers and the one proposed in this work
is presented in Table 2. Considering the linearization performance, power consumption,
working bandwidth, and design complexity, the proposed linearizer is comparable to the
state of the art.

Table 2. Comparison with recent diode-based linearizers.

Reference Frequency
Two-Tone IMD3
Spacing Suppression

2019 [13] 29–31 GHz 20 MHz 12.5–14 dB
2019 [24] 17.3–20.2 GHz N/A 15 dB
2020 [25] 27–31 GHz 5 MHz 11.5–22.6 dB
2021 [26] 29–31 GHz 100 MHz 12.2–14.6 dB
2023 [27] 25.1–27.5 GHz 5 MHz 9.5–14.5 dB
This Work 40–43 GHz 100 MHz 8.6–13.1 dB

5. Conclusions

In this study, a broadband linearizer based on an extended design space is proposed
and analyzed. The definition of the 1 dB power point greatly extends the design space
of the linearizer, and the three-segment fitting curves further simplify the analysis and
computation of the design space. To verify the proposed method, a linearizer prototype
was fabricated and tested from 40 GHz to 43 GHz. The measurement results of the
linearized PA showed that the OP1dB value was improved by more than 1.7 dB, the phase
error was reduced by more than 15◦, and the IMD3 was suppressed by 8.6 dB–13.1 dB
over the working frequency range. The proposed linearizer achieved good linearization
performance, low power consumption, and simple design implementation, and there was
no need to tune the bias during broadband operation, making it applicable to complex
communication scenarios.
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