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Abstract
This paper investigates if there is an optimum design of loaded-line phase shifters with
respect to phase shift/loss figure of merit (FOM) and linearity. The investigation was per-
formed by comparing six loaded-line phase shifters that were implemented in printed circuit
board (PCB) technology with shunt-loaded hyperabrupt varactor-diodes. It was demonstrated
that the hyperabrupt varactor’s C-V characteristics must be modeled with high accuracy to
predict the nonlinear behavior. A polynomial varactor model was employed and experimen-
tally validated. To extend the range of investigated parameter values, the extracted model
was scaled and evaluated further in a circuit simulator. The investigation reveals that for a
given varactor-capacitance, the phase shift/loss FOM is improved if the varactor-capacitance
is evenly distributed and the unit cell length is much shorter than a quarter wavelength. The
study demonstrates that the phase shift/loss depends mainly on the distribution of varactor-
capacitance and Q factor.The intermodulation (IM) distortion is primarily proportional to the
total varactor-capacitance per unit cell.The study also revealed that an increase in the varactor’s
Q factor results in higher IM. Therefore, it is a trade-off between low loss and low IM.

Introduction

Tunable phase shifters are key components in many applications, such as delayed-locked loops
[1] and phased-array antennas used in communication and radar systems. The main function
of a tunable phase shifter is to modify the phase shift or group delay of the transmitted sig-
nal with the smallest loss possible. Various phase-shifter topologies have been evaluated, e.g.,
switched-line phase shifters, hybrid-coupled reflection-type phase shifters [2–4], and loaded-
line phase-shifters [5–8]. Only the two latter may be used for analogue tuning and loaded-line
phase shifters have advantages due to ease of implementation and relatively low loss if moderate
orders of phase shift are needed [9].

Common for all phase shifter topologies, they include a tuning element to adjust the phase.
Different tuning mechanisms, e.g., mechanical, magnetic, or electronic, have been evaluated.
In many modern applications, e.g., active electronically steerable arrays, only electronic steer-
ing is relevant. In the past, exotic tuning mechanisms such as ferroelectric varactors have
been evaluated for low loss with promising results [10, 11]. However, for ease of manufactur-
ing, compatibility with active components technology, and still very competitive performance,
semiconductor varactor diodes are still the most commonly used [6].

Besides introducing desired tunability in the phase shift, the nonlinear component will also
addunwanted intermodulation (IM) distortion (IMD) of signals in the system,whichmay influ-
ence performance on system level, e.g., a degraded lobe patternwhenused in active phased array
antennas [12]. The input third-order intercept point (IIP3) is employed to characterize the lin-
earity of a phase shifter. One contribution is for a phase shifter based on high-breakdown voltage
ferroelectric varactors [13] and another for a micro-electromechanical systems (MEMS) based
phase shifter [14], and in [15], it is presented for a variable-phase all-pass network implemented
in BiCMOS. However, the IIP3 is presented as a performance metric, and neither models nor
methods are presented for optimizing trade-offs between phase-shift/loss figure ofmerit (FOM)
and linearity.

In this paper, we report on a method for prediction of IMD in a loaded-line phase
shifter using hyperabrupt semiconductor varactors as tuning elements. The method is demon-
strated for a phase shifter based on the same design principle as presented in [7], but here
with a significantly more in-depth analysis, a more accurate varactor-diode model, and non-
linear distortion simulations. The nonlinear simulations are based on a polynomial varac-
tor model [16] and the harmonic balance method. The model is applied for optimization
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Figure 1. Illustration of the periodic loaded-line phase shifter with N number of T-unit cells.

Figure 2. (a) Equivalent circuit model of reversed bias varactor-diode. The
extracted values are Ls = 1.51 nH and Rs = 1.49 Ω, where the polynomial
coefficients of CV = Cj + Cp are presented in Table 1. For comparison, the datasheet
values are Ls = 0.7 nH, Rs = 1.2 Ω, Cp = 0.81 pF, and Cj is solved by (8) with Cj0 =
4.21 pF, 𝜙 = 11.87 V, and n = 6.43. (b) Illustration of two-port network employed to
extract varactor parameters. Pad dimensions are lp = 0.5mm and wp = 0.4mm.
Thru line dimensions are lt = 8mm and wt = 1.183mm.

Table 1. Values of the polynomial coefficients utilized to model the varactor’s
C-V characteristics

Coeff. Value Coeff. Value

C0 4.98E-12 C12 8.19E-18

C1 3.24E-12 C13 5.47E-19

C2 2.96E-12 C14 2.85E-20

C3 2.83E-12 C15 1.15E-21

C4 2.17E-12 C16 3.50E-23

C5 1.23E-12 C17 7.80E-25

C6 5.11E-13 C18 1.20E-26

C7 1.58E-13 C19 1.13E-28

C8 3.65E-14 C20 4.99E-31

C9 6.49E-15 C21 1.20E-26

C10 8.95E-16 C22 1.13E-28

C11 9.66E-17 C23 4.99E-31

of the trade-off between linearity and phase-shift/loss FOM. The
simulations are further used to investigate howdifferent design fac-
tors, e.g., periodicity and varactor inclusion factor, affect the phase
shift performance. Specifically, it is investigated how the perfor-
mance of the phase shifter varies with input power, bias condition,
periodicity, number of unit cells, and varactor-capacitance per unit
length.

The rest of this paper is organized as follows. Section “Theory”
presents the theoretical background on how to design a loaded
line phase shifter optimized for phase-shift/loss FOM. Section
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Figure 3. The C-V characteristic of the measured data, polynomial model and the
standard CV model. The inset depicts the relative error between the measured data
and the two models.
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Figure 4. Modeled and measured Im(Z12) for the second harmonic (3 GHz) and
third harmonic (4.5 GHz).

“Phase shifter design” presents the design of the phase shifter
including nonlinear varactor modeling. Then, Section “Nonlinear
phase shifter simulations” presents nonlinear simulations. Section
“Experimental results” presents experimental validation of the
model. In Section “Model based optimization”, the developed
model is applied to investigate how a loaded-line phase shifter can
be simultaneously optimized for best possible trade-off between
phase shift and linearity. Finally, Section “Conclusion” concludes
this work.

Theory

Loaded-line phase shifter

A loaded-line phase shifter is composed of a transmission line
periodically loaded by shunt-susceptances. Varactor-diodes are
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Figure 5. Real part of the measured varactor impedance.

Figure 6. Illustration of the unit cell configuration composed of the unit cell and
the thru lines. The dimensions of the unit cell with 𝜃e = 57.7∘ are l= 10.1mm,
w = 0.31mm, and g= 2.34mm. The dimensions of the unit cell with 𝜃e = 66.4∘ are
l= 13.14mm, w = 0.4mm, and g= 2.29mm. The dimensions of the thru line are
lt = 8mm, wt = 1.183mm, and gt = 1.9mm.

commonly employed as the loading, as depicted in Fig 1. In the
illustration, there is a T-unit cell (UC) that consists of two trans-
mission lines of length d/2, andwith a shunt-loaded varactor diode
in between. The transmission line has an inductance per unit cell
length Lt and a capacitance per unit cell length Ct. The varactor-
diode has a voltage-controlled capacitance CV(VR), where VR is
the reversed bias voltage. The transmission line has an unloaded
impedance Z0, and the effective characteristic impedance Ze of the
unit cell can be expressed as

Ze = √ Lt
Ct + CV(VR)/d .

= √ Lt
Ct

× 1
√1 + IF(VR)

= Z0
1

√1 + IF(VR)
(1)

where

IF =
CV(VR)
Ctd

(2)

is known as the inclusion factor. Under the condition CV ≫ Ctd,
(1) can be simplified to

Ze = √ L
CV(VR) , (3)

where L = Ltd is the inductance per unit cell.
Equation (1) is valid as long as the frequency is far below

the Bragg frequency fB, which is defined as the frequency where
the period d between two varactor-diodes is equal to half of the
guided wavelength 𝜆g. In terms of the loaded-line phase shifter
parameters, the Bragg frequency [17] is

fB = 1
𝜋d√LtCt(1 + IF(VR))

. (4)

To achieve a large phase shift, both L and CV shall be large,
and to obtain a large L the unloaded transmission line is of high-
impedance. The capacitance CV(VR) changes with the bias con-
dition, and only one bias point will achieve a perfect match with
the system impedance. Therefore, the phase shifter will be mis-
matched when tuning the phase and there will be two extreme
bias points of Vmin and Vmax. When designing a phase shifter, the
differential phase shift Δ𝜙 is of interest, which is defined as the
phase shift between the two extreme bias points and is expressed as
follows

Δ𝜙 = 𝛽(Vmin) − 𝛽(Vmax). (5)

In reality, an increased phase shift normally comes with increased
attenuation due to mismatch and dissipation. For this reason, a
phase-shift/loss FOM is introduced

FΔ𝜙 =
Δ𝜙degree

LdB
, (6)

where LdB is the total loss in the phase shifter.

Varactor-diodemodeling

Under normal operation, the varactor-diodes in a loaded-line
phase shifter are reversed biased and, therefore, the nonlinear
capacitance of the varactor is of primary interest in the model.
An equivalent circuit model of the reversed bias varactor is pre-
sented in Fig. 2(a) that is composed of a series inductance (Ls),
a series resistance (Rs), a parallel capacitance (Cp), and the vari-
able junction capacitance (Cj). The model parameters can be
extracted with the real and imaginary parts of the measured
impedance

Z(VR) = Rs + j(𝜔Ls − 1
𝜔CV(VR)) , (7)

where CV(VR) = Cj(VR) + Cp. The variable junction capacitance
can be modeled by

Cj(VR) =
Cj0𝜙n

(𝜙 + VR)n , (8)

whereCj0 is the zero bias junction capacitance of the diode, 𝜙 is the
built-in potential, and n is the grading coefficient [18]. Equation
(8) (referred to as the standard CV model in this paper) has been
demonstrated to predict the C-V characteristics of semiconductor
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Figure 7. The simulated effective characteristic impedance and the effective
electrical length for the two designed unit cells at VR = 5.5 V.

Figure 8. The fabricated phase shifters with 1, 5, and 10 unit cells.

varactors well.Themodel’s accuracy depends on the doping profile
of the p-n junction. In the case of a uniformly doped and linearly
graded junction, the model has good accuracy. However, when the
doping profile is highly nonuniform, the standard CV model can
have difficulty modeling the C-V characteristics. In that case, it
is more suitable to model the C-V characteristics as a polynomial
series expressed as

Cj(VR) = C0 + C1VR + C2V2
R + ... + CnVn

R , (9)

where Cn is the polynomial coefficient of the nth-order.

Phase shifter design

Polynomial varactor model extraction

The experimental work reported in this paper is based on a hyper-
abrupt varactor of model Skyworks SMV1233-079LF, chosen due
to its low loss and good tuning range. Figure 2(b) depicts a two-
port network utilized to extract the varactor’s model parameters.
The two-port network comprises a shunt varactor and two trans-
mission lines connecting it to the input and output, forming a
T-network. Hence, the varactor’s impedance in (7) corresponds to
Z12 of the two-port network. To obtain Z12, the two-port network’s
S-parameters were measured, and the effects of the transmission
lines were de-embedded. Then, Z12 was calculated from the de-
embedded S-parameters. Two pads were employed to connect
the varactor with a small amount of solder paste, and the pads
and solder paste add inductance and losses. In the phase shifter
simulation presented later in the paper, the varactor is directly con-
nected from the transmission line to the ground.The contribution
of the pads and solder paste is embedded in the varactor model.

Figure 9. The fabricated thru-reflect-line circuits. The reflect is generated with an
open circuit. Three lines were fabricated with line lengths of 18mm, 83.3mm, and
386.7mm.

The modeled bias range of the varactor should be larger than the
bias range of the phase shifter to properly model the nonlinear
behavior because it has to cover the radio frequency (RF) voltage
swing. Therefore, the varactor was measured for a bias range of
0.3V to −12 V.

The C-V characteristics were obtained from the imaginary part
of (7) at a low frequency of 200MHz, where the inductor’s contri-
bution is negligible. A polynomial curve fitting of the measured
C-V characteristics extracted the polynomial coefficients, which
include both Cj and Cp. Table 1 presents the obtained values of
the polynomial coefficients. The C-V characteristics of the mea-
sured data, the standard CV model, and the polynomial model
are presented in Fig. 3. The relative error between the measure-
ment and the two models are depicted as an inset in Fig. 3. The
measured data and polynomial model have excellent agreement
with a maximum relative error of 2.4%. In contrast to the poly-
nomial model, the standard CV model has large discrepancies
compared to the measured data with a maximum relative error
of 9.9%. In the comparison, the standard CV model utilizes the
datasheet parameters. However, even with optimization of the
parameters, it was not possible to have a good agreement between
the model and the measured data for the full bias range. When
the C-V characteristics are not accurately modeled it will affect
the accuracy of the nonlinear behavior, which will be discussed
in Section V. In this work, the polynomial varactor model (9)
was employed due to its superior C-V fit for highly nonuniform
varactor-diodes.
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Figure 10. Illustration of the simulation setup in ADS. The input is composed of the signal generator, the measured input impedance of the measurement setup as a Y2P
component, and the S2P of the thru. The output is composed of the measured output impedance of the measurement setup as an S1P, the bias setup, and the S2P of the
thru. The simulated system impedance Z0 = 50 Ω.
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Figure 11. IM3 for different simulation setups at 1.6 GHz with Pin = 1.6 dBm.

The series inductance was determined from the frequency-
dependency of themeasured C-V. Frommeasured Z12 andCV(VR)
extracted at low frequency, Ls = 1.51 nH was obtained using a
least-square fit of the imaginary part of (7) versus frequency for
each bias voltage, which can be compared to the datasheet value
of 0.7 nH. The larger extracted value is due to the inductance
from the pads connecting the varactor. At higher frequencies, Ls
has a greater influence on Im(Z12) and to adequately model the
nonlinear behavior this influence should be modeled to at least
the frequency of the third harmonic. Figure 4 depicts the Im(Z12)
for the second and third harmonic, corresponding to 3GHz and
4.5GHz, respectively. The second harmonic is inductive at the
lower range of VR, and the third harmonic is inductive over the
full range of VR.

Lastly, the series resistance was found from Re(Z12). The mea-
sured resistance versus bias is depicted in Fig. 5. At low frequency,
the measurement is noisy, and at higher frequency the resistance
increases due to the skin effect and distributed effects in the
varactor. The resistance was obtained by finding the average for
each frequency and then calculating the average of those averages.

Figure 12. S-parameter measurement setup. Note that the polarity of the DC
supply output is reversed to achieve a negative bias over the varactor.

The frequencies were limited to 1.5–2.5GHz to avoid the measure-
ment noise, skin effect, and distributed effects at high frequencies.
The obtained Rs was 1.49 Ω, which is close to the datasheet value
of 1.2 Ω.

Realization of loaded-line phase shifter

The design parameters of a loaded-line phase shifter are the load-
ing capacitance C0, the unloaded impedance Z0, and the physical
length 𝜃0. The loaded-line phase shifters were designed with two
different unit cells differentiated by the effective electrical length 𝜃e.
Both unit cells have the same configuration, which is a T-unit cell
that is composed of a grounded coplanar waveguide (CPWG) and
a shunt varactor-diode located in the center, as illustrated in Fig. 6.
The CPWG was manufactured on the substrate Rogers RO4350
with 𝜖r = 3.66. The unit cells were designed to have Ze = 50
Ω and two different 𝜃e at the center of the tuning range and at
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Table 2. Summary of the measured Δ𝜙, FOM, IL, RL at 1.5 GHz, and the IIP3 at 1.6 GHz for all fabricated phase shifters. The IL is presented when VRmin = 3 V,
which gives the largest IL. The RL is selected at VR = 5 V. The IIP3 is selected at VR = 5.5 V

Unit cell length 𝜃e = 57.7∘

𝚫𝝓 (∘) FOM (∘/dB) IL (dB) RL (dB) IIP3 (dBm)

UC Sim. Meas. Sim. Meas. Sim. Meas. Sim. Meas. Sim. Meas.

1 18.0 18.9 33.3 33.2 0.54 0.57 29.1 32.9 34.5 35.1

5 88.3 88.9 87.4 72.3 1.01 1.23 28.9 46.4 27.7 28.7

10 177 185 87.6 70.8 2.02 2.61 30.9 33.6 25.5 26.2

Unit cell length 𝜃e = 66.4∘

𝚫𝝓 (∘) FOM (∘/dB) IL (dB) RL (dB) IIP3 (dBm)

UC Sim. Meas. Sim. Meas. Sim. Meas. Sim. Meas. Sim. Meas.

1 18.7 19.9 32.8 30.6 0.57 0.65 29.2 32.1 34.2 34.8

5 94.8 97.7 72.9 64.7 1.30 1.51 37.9 43.0 27.0 28.4

10 188 195 77.4 69.1 2.43 2.82 32.9 36.8 24.2 26.0

Figure 13. The simulated and measured S-parameter results of the realized phase shifters with a unit cell length of 57.7∘.

the design frequency of 1.5GHz. The tuning range was selected
to be from VR = 3V to VR = 8V. The lower limit of VR was
selected because of two reasons. Firstly, there is a risk that the var-
actor becomes forward-biased when VR is close to zero because of
the addition of the RF voltage swing. Secondly, the phase shifter’s
insertion loss (IL) increases significantly when VR < 3V, which

makes the phase shifter unsuitable in that bias range. The upper
limit was selected to avoid the breakdown region, and a larger limit
only resulted in minimal gain in terms of tuning range. In Fig. 7,
the simulated phase 𝜙(S21) and Ze are presented for the two unit
cells at the center of the tuning range VR = 5.5V. The shorter unit
cell has a 𝜃e = 57.7∘ at the design frequency and a Z0 = 100 Ω.
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The longer unit cell has a 𝜃e = 66.4∘ at the design frequency and
a Z0 = 90 Ω. All dimensions of the two unit cells are presented
in Fig. 6.

With the two designed unit cells, six phase shifters were fabri-
catedwith 1, 5, and 10 unit cells, which have the purpose to validate
the polynomial varactor model and to compare the FOM and lin-
earity with respect to unit cell length and number of unit cells. The
fabricated phase shifters are depicted in Fig. 8, where one can see
that the input and output consist of a coaxial connector and a thru
line. To de-embed the effect of the coaxial connector and the thru
line, a thru-reflect-line (TRL) was designed as described in [19],
and the TRL design is depicted in Fig. 9.Three lines were fabricated
to cover the frequency range from 40MHz to 4GHz.

Nonlinear phase shifter simulations

In this paper, a harmonic balance simulation in Advanced Design
System (ADS) was utilized with the diode model presented in
Section III. The IM products generated in the device under test
(DUT) are affected by the impedance connected to the DUT’s
input and output. Ideally, themeasurement systempresents 50Ω to
the DUT from baseband to higher-order harmonics for each bias.
However, this is rarely the case and, therefore, the S-parameters
of the measurement setup connected to the input and output of
the DUT were measured and added to the simulation setup. The
measurement setup is provided in Section V. The S-parameters of
the thru line connected to the DUT, shown in Fig. 6, were also
added to the simulation setup.The simulation setup is illustrated in
Fig. 10. The measured input impedance of the measurement setup
was a 1-port S-parameter (S1P) measurement. However, the S1P
was converted to a 2-port equation-based admittance (Y2P) com-
ponent in ADS because of its location between the signal generator
and the thru line in the simulation setup. The two fundamental
tones had the frequencies of 1.5GHz and 1.55GHz generating the
upper-band IM3 product at 1.6GHz. The harmonic balance mix-
ing order was set to 5 and all S-parameters were measured up to
15GHz, which covers well beyond the frequency range of the mix-
ing order. Figure 11 compares the upper-band IM3 product for
different simulation setups for the unit cell with 𝜃e = 57.7∘. The
figure shows a noticeable difference between simulated and mea-
sured results when only the DUT is present. The greatest improve-
ment comes from adding the measured S2P component of the
thru. However, the addition of themeasurement setup’s impedance
improves the agreement of simulated and measured IM3 between
1.5V and 4V.

Experimental results

Phase shifter performance

The implemented phase shifters have been measured using
a N5222A PNA Microwave Network Analyzer (Fig. 12) and
simulated in ADS.The simulated andmeasured IL, phase shift, and
return loss (RL) were compared to validate the polynomial var-
actor model. The results of the phase shifters with different unit
cell lengths share similar results that are summarized in Table 2.
Figure 13 depicts the IL, phase shift, and RL for the phase shifters
with a unit cell length of 57.7∘. The shape and trends are similar
for the 66.4∘ phase shifter. For all phase shifters, the measured data
agree well with the results from themodel.Themeasured IL for the
phase shifters with 5 and 10 unit cells are larger than the simulated

IL, which may be attributed to higher metal loss due to deviating
conductivity and higher surface roughness in the fabricated phase
shifters. There is also some deviation in phase shift after 2GHz
between simulated and measured results, where the phase shifter
becomes more dispersive. Figure 14 depicts Δ𝜙 between VRmin =
3V andVRmax = 8V. Figure 15 depicts the FOMover frequency for
VRmax. Themeasured result has unrealistic values at low frequency
due to limited precision in vector network analyzer (VNA) cali-
bration, which greatly impacts the low IL. The measured FOM is
lower than the simulated FOM after 0.5GHz because of the larger
measured IL. Table 2 shows that the measured Δ𝜙 at 1.5GHz is
greater for the phase shifters with the longer unit cell length of
66.4∘.This is to some extent surprising as the phase shift is expected
to increase as the varactor inclusion factor increases. However, a
longer unit cell is also more dispersive and the dispersion acceler-
ates the phase shift, as can be seen in Fig. 13.The FOM is larger for
the phase shifters with the shorter unit cell length of 57.7∘ due to
lower IL. Consequently, the phase shifters with the shorter unit cell
present the best performance in terms of both FOM and linearity.
In Section VI, it will be investigated how the performance can be
further optimized by tuning the unit cell length and adapting the
varactor-capacitance value.
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Figure 14. The differential phase shift between VRmin = 3 V and VRmax = 8 V for the
phase shifters with a unit cell length of 57.7∘.
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Figure 15. FOM at VRmax = 8 V for the phase shifters with a unit cell length of 57.7∘.
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Figure 16. Two-tone measurement setup for forward IM (a) measurement setup (b) illustration. The fundamental signals are generated by the PNA internally, and the IM is
measured with the same PNA at a third port in swept IMD measurement mode.

Phase shifter IMD

To examine the linearity of the fabricated loaded-line phase shifters
a two-tone measurement was carried out, and the measurement
setup is shown in Fig. 16. The measurement was performed with a
network analyzer Keysight PNA-X N5247B (PNA) that both gen-
erated the two fundamental signals and measured the IM with
the swept IMD measurement type enabled. Two sources generate
the two fundamental signals internally of the PNA, and the two
signals exit two different ports. Each channel is connected to a low-
pass filter (DC-2250MHz) to suppress any harmonics generated
in the sources. The low-pass filter is connected to an isolator to
prevent leakage between the channels and to suppress any reflec-
tions. After the isolators, the two signals are combined in a 6-dB
combiner that is connected to a bias-T, which is connected to the
DUT. The DUT is then connected to a third PNA port that mea-
sures the IM generated in the DUT.Themeasurement setup’s noise
floor was measured to −115 dBm, and the residual IM was below
this level.

The IM3 was simulated and measured with an input power
swept from −18 dBm to 1.6 dBm. A comparison of the phase

shifters’ linearity is presented in Table 2 in terms of the IIP3. The
IIP3 was obtained by extrapolating the measured input power
and IM3. With more unit cells the phase shifters become more
nonlinear and the IIP3 decreases. The results also show that the
phase shifters with a shorter unit cell length have better linearity.
Figure 17 shows the IM3 as a function of VR at 1.6GHz, with
a Pin of 1.6 dBm. The model accurately predicts the nonlinear
behavior, particularly for the phase shifters with a single unit cell.
There are some discrepancies between the model and the mea-
surements for the phase shifters with 5 and 10 unit cells in the
range of 3–5V. At VR = 0V, the IM3 has a maximum for a sin-
gle unit cell whereas the phase shifters with 5 and 10 unit cells
have a minimum.Theminimum is attributed to suppression of the
input signals because the measured IL > 70 dB at 1.5GHz when
VR = 0V. For a single unit cell with 𝜃e = 57.7∘, the measured IL is
12.9 dB. Also, Fig. 17 presents the IM3 for the standard CV model
for 1 unit cell. The result shows that the standard CV model cannot
properly model the nonlinear behavior of the hyperabrupt varac-
tor. The disagreement becomes more distinct with more unit cells
added.
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Figure 17. The IM3 for the phase shifters with unit cell length 57.7∘ at 1.6 GHz with
a Pin = 1.6 dBm.

Model based optimization

The main purpose of this paper is to investigate whether there is
an optimum design of loaded-line phase shifters with respect to
both FOM and linearity. The experiments presented in Section V
revealed that a shorter unit cell is better in terms of both phase shift
and linearity. In this section, it will be investigated if the perfor-
mance can be further improved by optimizing the unit cell and the
varactor-capacitance value.The investigation is based on the devel-
oped model with model parameters extended outside the scope of
the experimental demonstrators presented above.Theunit cell with
a 𝜃e = 57.7∘ was utilized as a reference in this study, where CV, 𝜃0,
Rs, and Ls refer to that unit cell. The results are from simulations,
and therefore, the simulated results of the reference unit cell are
utilized.

Influence of unit cell length

The influence of the unit cell length on the phase shifter perfor-
mance and linearity was investigated. The study was performed
by reducing the unit cell length of the reference unit cell. The
effect of reducing the unit cell length is an increased varactor-
capacitance per unit cell length. To have a fair comparison, the
varactor-capacitance per unit cell length was consistent for all dif-
ferent cases that were compared. This was achieved by modifying
the varactor’s capacitance with the same amount of reduction of
the unit cell length. However, reducing CV will also affect the Q
factor of the varactor, and therefore, the series resistance had to
be modified to compensate for the change in Q factor. Figure 18
illustrates how 𝜃0, CV, and Rs are modified with the value N. As
we reduce the unit cell’s length, 𝜃0 and CV are divided by N, and
Rs is multiplied by N. In this study, N is chosen to have the val-
ues of 1, 2, 4, and 8, where N = 1 for the reference unit cell. When
𝜃0 is divided, 𝜃e is not reduced with the same amount as 𝜃0 due
to the dispersive behavior of the unit cells. Figure 19 depicts 𝜃e,
IL, CV, and IM3 for the four different unit cells. The IL is greatly
reduced with a shorter unit cell. The IM3 is lowered at a larger
revered bias (VR > 3.5) V with a shorter unit cell. At a lower
reversed bias, the reference unit cell has an IM3 similar to 𝜃0/2
and 𝜃0/4.

Thephase shift froma single unit cell is seldom sufficient for real
applications. Therefore, the reference phase shifter was designed

Figure 18. Modification of the unit cell to maintain the same capacitance per unit
cell length and Q factor for all phase shifters. The reference unit cell has an N = 1.
The component values are Ls = 1.51 nH, Rs = 1.49 Ω, 𝜃0 = 36∘ at 1.5 GHz and
VR = 5.5 V, and the coefficients for CV are shown in Table 1.

with 10 unit cells. All phase shifters had the same physical length
in the investigation. To obtain the same physical length as the refer-
ence phase shifter, the phase shifters with unit cell lengths of 𝜃0/2,
𝜃0/4, and 𝜃0/8 had 20, 40, and 80 unit cells, respectively. In Fig. 20,
Δ𝜙 and FOMare presented as functions ofVRminwhenVRmax is set
to 8V, at the fundamental frequency of 1.5GHz. The figure shows
that if the same tuning range is utilized for all phase shifters, Δ𝜙
is greater with a longer unit cell, and the FOM is greater with a
shorter unit cell. However, with a shorter unit cell, the IL reduces
and enables a larger tuning range with a larger FOM. Therefore,
Fig. 20 was utilized to find the VRmin that generated the maximum
FOM for each phase shifter.The figure shows that the phase shifters
with a unit cell length of 𝜃0, 𝜃0/2, 𝜃0/4, and 𝜃0/8, generate the
largest FOMwhenVRmin is 3 V, 2.25V, 2V, and 1.75V, respectively.
In Fig. 21, the differential phase shift and FOM are depicted ver-
sus frequency when VRmin is selected to maximize FOM. It shows
that the phase shifter with a unit cell length of 𝜃0/8 has the best
FOMover themajority of the frequency spectrum and achieves the
largest Δ𝜙 from DC to 1.7GHz. The IM3 at 1.6GHz is presented
in Fig. 22. The lowest and highest IM3 between the phase shifters
varieswithVR.The reference phase shifter has the lowest IM3 at low
VR, however, it obtains the largest at a VR above 4.4V. The phase
shifters with a unit cell length of 𝜃0/4 and 𝜃0/8 have similar IM3,
which is the largest at low VR. This demonstrates that having many
small nonlinear elements does not necessarily provide good linear-
ity.The best alternative in this comparison is the phase shifter with
a unit cell length of 𝜃0/2, as it provides better linearity over the full
bias range.

In summary, a phase shifter with shorter unit cells presents bet-
ter phase shifter performance. In the case of IM3, a phase shifter
with fewer longer unit cells can benefit linearity. It is a trade-off
between phase shifter performance and linearity. In the compar-
ison presented, a good trade-off would be the phase shifter with
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Figure 19. For each single unit cell (a) phase shift, (b) insertion loss, (c) varactor-capacitance, and (d) third-order intermodulation.
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Figure 20. The differential phase and FOM at 1.5 GHz when VRmin is varied and
VRmax is set to 8 V, for each phase shifter with the different unit cell lengths of 𝜃0,
𝜃0/2, 𝜃0/4, and 𝜃0/8. The plot shows which VRmin generates the largest FOM for
each phase shifter when VRmax = 8 V.

a unit cell length of 𝜃0/2 as it has good linearity over the full
bias range and a FOM = 102∘/dB at 1.5GHz, which is close
to the phase shifter with a unit cell length of 𝜃0/8 that had a
FOM = 108∘/dB.

Influence of varactor quality factor

The influence of the varactor’s Q factor on the phase shifter was
investigated. The same reference unit cell was employed as in the
study of the influence of unit cell length.The reference unit cell had
a Q0 = 61 at the design frequency of 1.5GHz when VR = 5.5V.

The varactor’s Q factor was modified by changing Rs. Five phase
shifters were compared with the Q factors of 4Q0, 2Q0, Q0, Q0/2,
andQ0/4, corresponding to series resistances ofRs/4,Rs/2,Rs, 2Rs,
and 4Rs, respectively.These five cases were investigated for a phase
shifter composed of 10 unit cells.Therefore, the phase shifters have
the same physical length.TheQ factor affects 𝜃e minimally andΔ𝜙
is similar for all phase shifters except when they reach the cut-off
region, as depicted in Fig. 23(a). When the Q factor is increased,
the IL is reduced because of the reduced losses of the varactor.
Therefore, the FOM is substantially increased with a larger Q fac-
tor, as depicted in Fig. 23(b). Figure 24 shows the IM3 for the five
phase shifters. The figure shows that a larger Q factor increases the
IM3, which is attributed to the smaller series resistance.When Rs is
reduced, the voltage swing over Rs is smaller and the voltage swing
overCV increases, increasing IMD.The results show that a larger Q
factor greatly improves the phase shifter performance. However, it
should be noted that there is a trade-off between low varactor loss
and IMD.

Conclusion

In this work, it was investigated if there is an optimum design
of loaded-line phase shifters with respect to FOM (Δ𝜙degree/LdB)
and linearity. Six loaded-line phase shifters were implemented in
PCB technology with shunt-loaded varactor-diodes. The varac-
tor was described with an equivalent circuit, where a polynomial
series was employed to model the nonlinear capacitance. It was
demonstrated that the hyperabrupt varactor’s C-V characteristics
must be modeled with high accuracy to predict the nonlinear
behavior. Further, it was demonstrated that a careful de-embedding
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Figure 21. (a) Differential phase and (b) FOM when VRmin is selected to generate
maximum FOM for each phase shifter with the different unit cell lengths of 𝜃0, 𝜃0/2,
𝜃0/4, and 𝜃0/8.

1.5 2 3 4 5 6 7 8
VR (V)

-70

-60

-50

-40

-30

-20

-10

0

IM
3 (d

Bm
)

0 (10 UC)

0/2 (20 UC)

0/4 (40 UC)

0/8 (80 UC)
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𝜃0/4, and 𝜃0/8 at 1.6 GHz with a Pin = 1.6 dBm.

of parasitic inductance of the varactor is very critical to reach
good accuracy over frequency. The six loaded-line phase shifters
were realized to validate the varactor model and to study the per-
formance of the loaded-line phase shifter with varying unit cell
lengths and number of unit cells. To further extend the range of
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Figure 23. (a) Differential phase shift and (b) FOM for different Q factors.
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Figure 24. IM3 for different Q factors at 1.6 GHz with a Pin = 1.6 dBm.

model parameters that affect the FOM and linearity, a simulation
study was performed, based on the developed model.

Experimental data and models demonstrate that the IMD is
proportional to the varactor-capacitance per unit cell, provided
that the unit cell is electrically short. If the unit cell length is
increased, IMD can change due to increased dispersion. It is found
that there is an optimum length where a minimum dispersion is
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reached. In this study, that minimum was found to occur for an
effective unit cell length about 𝜃e = 30∘, however it should be
emphasized that the exact value depends on the technology that
determines the characteristic impedance of the transmission lines.
Themodel also reveals that phase shifter FOM is negatively affected
by dispersion when the unit cells become electrically long and
that the optimum value with respect to IMD is short enough to
yield a good FOM. Nevertheless, there is a trade-off between IMD
and FOM since the former degrades with Q factor while the latter
increases.
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