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Abstract—Analog predistortion is an eﬃcient method for improving the linearity of power ampliﬁers.
This paper presents a simple and tunable analog predistortion linearizer with low insertion loss, capable
of reducing the non-linearity eﬀects of microwave power ampliﬁers. The linearizer employs Schottky
diodes as a distortion generator and does not require any additional matching circuit. By controlling the
DC bias of the diodes, various combinations of characteristics can be obtained; therefore, this structure
can be used to match diﬀerent device behaviors. Experimental validation using a εr = 3.38, 20-mil
thick Rogers substrate at the center frequency of 2 GHz shows that the fabricated linearizer can provide
up to 7.5 dB gain expansion. The fractional bandwidth and insertion loss of the linearizer are 10% and
1.7 dB, respectively. The simulated and measured results are in good agreement with each other. To
illustrate an approach for compensating the limited phase characteristics of the presented structure, the
design and simulation of a dual-branch linearizer utilizing the reﬂective Schottky diode predistortion
linearizer as a nonlinear unit are also presented.

1. INTRODUCTION
With the rapid growth of communication systems, the need for high data rate transmission has become
the essence. To achieve this goal in today’s crowded spectrum, bandwidth-eﬃcient modulation schemes
such as QAM are employed [1]. These complex digital modulation schemes have non-constant envelopes
with a high peak to average power ratio (PAPR). Therefore, they are susceptible to the nonlinearity of
power ampliﬁers (PAs) and have to endure amplitude (AM/AM) and phase (AM/PM) distortions [2].
These distortions reduce the quality of the transmitted signal and generate adjacent channel interference
(ACI) [2], hence reducing the ability to decode signals properly and also exceeding the acceptable limits
of distortion and channel interference speciﬁed by various communication standards.
A trivial solution to reduce the eﬀects of the distortions is that the ampliﬁer operates at a lower
output power level (backing oﬀ from the compression point). For instance, to meet the error vector
magnitude (EVM) speciﬁcations for IEEE 802.11a at 54-Mb/s mode, operating at 8-dB back-oﬀ from
the transmitter 1-dB compression point is required [3]. This approach results in a much lower power
eﬃciency since PAs generally achieve higher power eﬃciency when operating closer to their maximum
output power. PA architectures that provide high eﬃciency in back-oﬀ have been developed; Doherty
PA is an example where the maximum eﬃciency occurs at 6 dB output-power back-oﬀ from the peak
output power [4]. However, these techniques have their challenges and have not been widely used for
microwave applications [1, 5].
Linearization is an alternate method used for reducing the nonlinearity eﬀects of PAs, allowing us to
have a higher level of power eﬃciency for a given level of distortion [5]. In this method, the nonlinearity
of a power-eﬃcient PA is compensated by additional circuits and signal processing, resulting in a
linear and eﬃcient system as a whole. Various PA linearization techniques can be classiﬁed mainly as
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feedforward [6, 7], feedback [8–11], and predistortion (PD) in both analog [12–21] and digital [22–25]
domains. Using neural networks as a method to determine the necessary distortion to be added has
also been reported in literatures [25–28]. Among these methods, analog PD linearizers show promise
due to their simplicity, bandwidth, and ability to operate as an adjustable stand-alone unit. Fig. 1
illustrates the concept of the PD linearization technique. In this method, the linearizer creates a
nonlinear transfer characteristic which is the reverse of the ampliﬁer’s transfer characteristics in both
magnitude and phase [5]. By placing this block before the PA, the magnitude and phase linearities of
the ampliﬁer are both improved.

Figure 1. PD linearization concept.
Various analog PD linearizers have been developed. [12] investigates the nonlinearity of Schottky
diode and presents a simple linearizer using Schottky diode. However, this linearizer is not suitable for
PAs with high nonlinearity and also needs additional matching circuits. Reﬂective analog PD linearizers
have been reported in literatures [13–17]. These structures have a trade-oﬀ among complexity, tuning
capability, and insertion loss. Dual-branch topologies have gained a lot of attention [18–21]. The
structure given in [18] utilizes Schottky and PIN diodes to realize an adjustable PD linearizer. In [19],
an X-band dual-branch linearizer based on FET and Schottky diode has been presented. However, this
linearizer is not very versatile. [20] presents a method to achieve independent tuning of gain and phase
conversions using a similar architecture to [18]. In [21], another dual-branch architecture is presented
where one branch consists of a nonlinearity generator followed by a vector multiplier while the other
path is made of a delay line. This linearizer has some drawbacks; for instance, the vector multiplier can
produce distortion if being driven into saturation. Despite having good tuning capability, dual-branch
architectures have complex structures, relatively high insertion loss, and occupy a large area.
In this paper, a simple and tunable diode-based reﬂective analog PD linearizer with low insertion
loss for microwave PAs is presented. The presented PD linearizer’s characteristics can be easily adjusted
by controlling the bias current of the diodes. Therefore, this structure can be used to correct diﬀerent
device behaviors. In Section 2, the behavior of Schottky diode’s dynamic resistance over the change
of input RF power is initially studied. In Section 3, the operation of the reﬂective Schottky diode
PD linearizer used for compensating nonlinearity of PAs is investigated. In Section 4, simulation and
measurement results are presented and compared, showing acceptable agreement between them. As
an approach for compensating the limited phase characteristics of the presented structure, the design
and simulation of a dual-branch PD linearizer utilizing the reﬂective Schottky diode PD linearizer as a
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nonlinear unit is presented in Section 5. Finally, the paper is concluded in Section 6.
2. DYNAMIC RESISTANCE BEHAVIOR OF SCHOTTKY DIODE
Schottky diode is a semiconductor device formed by the junction of a semiconductor with a metal.
Compared to a conventional p-n junction diode, Schottky diode has a relatively smaller junction
capacitance, making it suitable for various RF applications [29] such as linearizers, phase shifters,
and limiters [12–21, 30, 31]. The forward junction current of a Schottky diode is expressed as:

 q
(1)
Id (Vd ) = Is e ηkT Vd − 1
where q is the electron charge, k the Boltzmann constant, η the ideality factor, T the temperature, Is
the reverse saturation current, and Id and Vd denote the diode current and voltage, respectively. The
RF equivalent circuit of a forward-biased Schottky diode is shown in Fig. 2(a) where Rd is the dynamic
resistance, and Cd is the junction capacitance. The dynamic resistance Rd of the Schottky diode is
derived from Equation (1) and given as follows [32].
Rd =

1
∂Id
∂Vd

−

q

kT e ηkT
=η
q
Is

(a)

Vd

(2)

(b)

Figure 2. (a) RF equivalent circuit of forward biased Schottky diode. (b) Setup used for studying
dynamic resistance behavior.
The setup shown in Fig. 2(b) is used to analyze the behavior of dynamic resistance Rd versus
the RF input power variations. The average current through the bias resistor Rbias increases with an
increase in the input power due to the clipping caused by the diode. Therefore, the DC bias operating
point of the diode changes from small signal to large signal with increasing input power as shown in
Fig. 3 [12]. Equation (3) indicates that with an increase in the diode current Id , the voltage across the
diode Vd decreases because of the voltage drop caused by the bias resistor Rbias .
Vd = Vbias − Rbias Id

(3)

It can be concluded from Equations (2) and (3) that the diode dynamic resistance Rd increases as
the input power level rises. This can also be interpreted from Fig. 3 since the slope of the tangent to
the I-V curve is smaller at point L than point S. Fig. 4 shows the simulated Rd variation versus the
change in input power in ADS using Spice parameters of MA4E2054 from MACOM at the operating
frequency of 2 GHz to help understand the phenomenon discussed above. It should be noted that the
parasitic components of the package were included in the simulation process. This nonlinear behavior
would be used in the following section as the main principle in a reﬂective Schottky diode PD linearizer.
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Figure 3. DC operating point movement of Schottky diode [12].

Figure 4. Simulated dynamic resistance versus input power for diﬀerent bias conditions.

3. REFLECTIVE SCHOTTKY DIODE PREDISTORTION LINEARIZER
The schematic of a reﬂective Schottky diode PD linearizer is shown in Fig. 5. This structure consists of
a hybrid coupler and two Schottky diodes. It is apparent from Fig. 5 that the presented linearizer would
not need any additional matching circuit since input and output ports are matched to the characteristic
impedance Z0 of the coupler (50 Ω in this case).
When the input signal is fed into port 1 of the hybrid coupler, divided signals go through the
Schottky diodes attached at ports 2 and 3 and are then reﬂected and combined at the output port
(port 4). In order to investigate the behavior of this PD linearizer, we use the scattering matrix of the
hybrid coupler where ai and bi represent the incident and reﬂected waves at port i of the hybrid coupler,
respectively.
⎡
⎤⎡
⎤
⎤
⎡
0 1 j 0
a1
b1
1 ⎢ 1 0 0 j ⎥ ⎢ a2 ⎥
⎢ b2 ⎥
(4)
⎣ b ⎦ = √ ⎣ j 0 0 1 ⎦⎣ a ⎦
3
3
2
b4
a4
0 j 1 0
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Figure 5. Schematic of the reﬂective Schottky diode PD linearizer.
From Fig. 5 it is obvious that a4 = 0 since port 4 is the transmitting port and is matched to
characteristic impedance of the coupler. Therefore, the reﬂection coeﬃcient at this port is 0, and there
is no reﬂected signal. It is also evident that a2 = Γb2 and a3 = Γb3 where Γ is the nonlinear reﬂection
coeﬃcient at the nonlinear branches. By substituting these values in Equation (4), the following relation
between the input signal a1 and output signal b4 would be derived:
b4 = −jΓa1

(5)

Therefore, the gain G and phase shift Δϕ of the linearizer are given by Equation (6).
G = 20log(|Γ|)
Δϕ = −90◦ + ∠Γ

(6a)
(6b)

As stated in the preceding section, the equivalent RF circuit of forward biased Schottky diode consists
of the dynamic resistance Rd and junction capacitance Cd (Fig. 2(a)). Thus, the reﬂection coeﬃcient Γ
is given by Equation (7).
1
1
−
− jCd ω
Z0 Rd
(7)
Γ=
1
1
+
+ jCd ω
Z0 Rd
Magnitude and phase of Γ can be derived from Equation (7) as shown below.

|Γ| =



1
1
−
Z0 Rd

2

1
1
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⎛
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+ (Cd ω)
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2

⎛

⎞

Cd ω ⎟
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(8b)
1 ⎠
1 ⎠
1
1
−
+
Z0 Rd
Z0 Rd
As discussed earlier, the value of dynamic resistance Rd increases when the input power level
rises. Thus it can be concluded from Equations (6) and (8) that this structure can provide the desired
magnitude characteristics of a PD linearizer. Fig. 6 shows the calculated gain and phase characteristics
⎜
∠Γ = −tan−1 ⎝
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Figure 6. Calculated gain and phase characteristics of the reﬂective Schottky diode PD linearizer.

at the center frequency of 2 GHz using the dynamic resistance behavior obtained in the preceding section.
Junction capacitance is assumed to be constant over the applied input power range. As shown in Fig. 6,
this structure is capable of providing the desired magnitude response. However, phase expansion is
small since Schottky diode has a relatively small junction capacitance. Another limit to be considered
is that this structure can only provide expansive phase shift characteristics, and the direction of the
phase deviation cannot be controlled. This limits the use of this linearizer since solid-state PAs (SSPAs)
typically require compressive phase shift characteristics for linearization. These issues can be solved by
using this distortion generator in a more complicated structure at the expense of a larger area, a more
complicated circuit, and greater insertion loss. This issue will be revisited later in this paper.
4. EXPERIMENTAL RESULTS
To validate the presented concept, a reﬂective Schottky diode PD linearizer is simulated, fabricated,
and ﬁnally measured at the center frequency of 2 GHz. A photograph of the fabricated linearizer is
shown in Fig. 7(a). The linearizer is fabricated on an RO4003C substrate with the dielectric constant
of 3.38, thickness of 20 mil, loss tangent of 0.0027, and 35 µm copper thickness on both sides. The used
Schottky diode is MA4E2054 from MACOM. A double-box branchline coupler is used as the hybrid
coupler to increase the operating bandwidth compared to a regular branchline coupler [29]. The detailed
schematic of the fabricated linearizer is shown in Fig. 7(b). All simulations are carried out by using
ADS momentum, and the measurements are performed by Agilent MXG N5181A signal generator and
Agilent N9000A CXA spectrum analyzer.
Figure 8 shows the normalized gain conversion under diﬀerent DC bias conditions obtained from
simulation and measurement. As illustrated in Fig. 8, various combinations of magnitude characteristics
can be created by adjusting the DC bias of the diodes. Therefore, this structure can be used to linearize
a wide range of PAs with diﬀerent behaviors. The fabricated linearizer is capable of providing up to
7.5 dB gain expansion over a 40 dB input power dynamic range at the center frequency of 2 GHz. The
results of the simulation and measurement are found fairly consistent with each other. Fig. 9 shows
the measured gain response of the fabricated linearizer over 1.9–2.1 GHz under small and large input
power levels for the DC bias condition which results in maximum gain expansion. Fig. 9 shows a gain
expansion from 7.4 to 7.85 dB across the frequency band with an insertion loss of less than 1.93 dB.
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Figure 7. (a) Photograph of the fabricated reﬂective PD linearizer. (b) Detailed schematic of the
fabricated reﬂective PD linearizer (dimensions are in millimeters).

Figure 8. Simulated and measured normalized gain conversion of the reﬂective Schottky diode PD
linearizer.
5. DUAL-BRANCH REFLECTIVE PREDISTORTION LINEARIZER
As previously mentioned, Schottky diode has a relatively small junction capacitance. Therefore, the
reﬂective Schottky diode PD linearizer is not suitable for PAs with high phase nonlinearity. Furthermore,
the direction of the phase deviation cannot be changed which limits the use of this structure. These issues
can be solved by using the Schottky distortion generator in a more complicated structure at the expense
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Figure 9. Measured gain response of the reﬂective PD linearizer over the frequency range of 1.9–
2.1 GHz.

Figure 10. Simpliﬁed schematic of the dual-branch PD linearizer [18].
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of a larger area, a more complicated circuit, and greater insertion loss. The dual-branch architecture
shown in Fig. 10 is capable of reducing high AM/PM distortion as well as AM/AM distortion [18].
In this topology, the input signal is divided into two signals with equal magnitudes and a 90◦ phase
diﬀerence; one signal is fed to a linear branch and the other to a nonlinear branch. The nonlinear branch
consists of a distortion generator, i.e., reﬂective Schottky diode PD linearizer. The linear branch is a
reﬂective variable attenuator based on PIN diode. A PIN diode acts as a linear RF current-controlled
resistor where the resistance is an inverse function of the forward DC current of the diode. Therefore,
the insertion loss of the attenuator can be adjusted by changing the bias current. The outputs of these
branches are then combined using an in-phase power combiner.
The vector diagram given in Fig. 11 demonstrates the concept of this PD linearizer [18]. For the
small input power level, the vectors corresponding to the gain of linear and nonlinear branches are OL
and ON 1 , respectively. As the RF input power level rises, the vector ON 1 increases to ON 2 , while the
vector OL remains unchanged. Therefore, the resultant output vector changes from OR1 to OR2 [18],
which results in a gain expansion of ΔG and a phase compression of Δϕ at the output. It should be
noted that the direction of the phase deviation can be changed by switching the position of the diodes.
A dual-branch PD linearizer is designed and simulated using ADS momentum. To show the feasibly
of applying the reﬂective Schottky diode PD linearizer at higher frequencies, the circuit is designed at
the center frequency of 13.5 GHz. HSCH5312 Schottky diode and HPND4005 PIN diode are adopted

Figure 11. Vector diagram of the dual-branch topology [18].

Figure 12. Simulated normalized gain conversion and phase conversion of the dual-branch reﬂective PD
linearizer (ISD and IP D denote the DC bias current of the Schottky diode and PIN diode, respectively).
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Figure 13. Simulated frequency response of the dual-branch reﬂective PD linearizer over the frequency
range of 13–14 GHz.
Table 1. Performance comparison with similar reported analog PD linearizers.

Ref.

[12]

[13]

[14]
[17]
[18]

[19]

[20]
This
work
This
work

Structure
Analog PD linearizer using
a parallel Schottky diode
Reflective Analog PD
linearizer based on
variable impedance
matching network
Reflective Analog
PD linearizer
Wideband Reflective
Analog PD linearizer
Dual-branch linearizer
using PIN and
Schottky diodes
Dual-branch PD
linearizer using FET
and Schottky diode
Dual-branch topology with
independent tunable gain
and phase conversions
Reflective Schottky
diode PD linearizer
Dual-branch
PD linearizer(2)

Center
Frequency
(GHz)

Fractional
Bandwidth
(%)

Maximum
Gain
Expansion
(dB)(1)

Maximum
Phase
Deviation
(degree)(1)

Insertion
Loss
(dB)(1)

2.7

—

3.5

25

—

30

6.7

6.5

55

—

12.5

4

7.2

45

—

49

12.2

4.03

42.5

—

—

—

10

65

—

8.48

2.35

6

45

20.25

30

6.7

7.7

59.2

12.5

2

10

7.5

—

1.7

13.5

7.4

10.5

60

6.1

(1)Data reported at the center frequency
(2) Simulation results
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in this design. Double-box branchline coupler and 3-dB Wilkinson power combiner are designed on
the same microstrip substrate as the preceding section. Fig. 12 shows the simulated normalized gain
conversion and phase conversion under diﬀerent DC bias conditions. As illustrated in Fig. 12, various
combinations of magnitude and phase characteristics can be created by adjusting the DC bias of the
diodes. The simulated results show a maximum of 10.5 dB gain expansion and 60◦ phase deviation.
Fig. 13 shows the simulated frequency response of the designed linearizer over 13–14 GHz under small
and large input power levels under the DC bias condition which results in maximum gain expansion.
Fig. 13 shows a gain expansion from 8.9 to 10.5 dB and a phase deviation from 55◦ to 64◦ across the
frequency band with an insertion loss of less than 7 dB.
The results obtained for the presented PD linearizers in this work are compared with similar
analog PD linearizers in Table 1. As seen, the PD linearizers presented have good tuning capability,
wide bandwidth, and low insertion loss in comparison with previous works.
6. CONCLUSION
In this paper, the design, simulation, and measurement of a simple and tunable diode-based reﬂective
analog PD linearizer with low insertion loss is presented. This structure is capable of providing various
combinations of characteristics only by adjusting the DC bias of the diodes. Therefore, it can be used
to linearize a wide range of PAs. Experimental validation at the center frequency of 2 GHz shows
that the fabricated linearizer can provide up to 7.5 dB gain expansion. The fractional bandwidth and
insertion loss of the fabricated linearizer are 10% and 1.7 dB, respectively. The simulated and measured
results are in good agreement with each other. As an approach for compensating the limited phase
characteristics of the presented structure, the design and simulation of a dual-branch PD linearizer
utilizing the reﬂective Schottky diode PD linearizer as a nonlinear unit is also presented.
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