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Abstract: Impedance matching is concurrent with any radio frequency (RF) circuit design and is
essential for maximizing the gain and efficiency while minimizing the noise of high-frequency
amplifiers as well as some mixer topologies. The main impedance matching network components are
capacitors, inductors, and RF transformers all of which contain parasitic parameters that influence the
matching response S11 curve. After calculating matching network component values using classical
matching techniques, the measured and simulated response curves differ depending on the target
frequency. This results in multiple calculations and measurement cycles in order to precisely match
the source and load at the desired frequency. This article proposes an algorithm and methodology of
estimating component parasitic parameters and taking them into account when calculating the main
component parameters (capacitance and inductance). The proposed algorithm has been implemented
as a toolbox in Cadence Virtuoso and verified through simulation and measurements. Measurement
results show, that at 500 MHz 10% tolerance components with parasitics included and values based on
classical theory provide a 3.2–9.8% offset from the target frequency. In the same conditions, matching
networks with compensated (according to the proposed algorithm) values provide 0.1–8.8% target
frequency offset. At 1500 MHz 10% components provided 4–12.3% (non-compensated) and 1–8.7%
(compensated) target frequency offset ranges. At 3000 MHz. The frequency offset range of using
compensated matching network component values is reduced from 5.5–15.1% to 1.3–8.1%.

Keywords: algorithm; Cadence; impedance matching; lumped components; OCEAN; RF circuits;
SKILL; Virtuoso

1. Introduction

Impedance matching is concurrent with any radio frequency (RF) circuit design and is essential
for maximizing the gain and efficiency while minimizing the noise of any high-frequency amplifier,
either a low noise (LNA) or power (PA) amplifier, as well as some mixer topologies. The authors of [1]
also contend that impedance matching as a key problem in RF circuit design and state that power
losses of more than 1 dB when the matching quality degrades by 50%. This is an issue in QAM64
communication systems as they require power accuracy between channels of around 0.1 dB. For the
maximum power transfer a condition has to be met, where load impedance ZL must be a complex
conjugate of the source impedance ZS. Impedance matching networks have various shapes and
implementations, including narrow- and wide-band; lumped, distributed, and mixed; and single- and
multi-band. All of the latter configurations can provide an optimal solution depending on the design
constraints (area, price, frequency, source, and load impedances). This article aims at improving the
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accuracy of impedance matching network response and proposes a methodology of recalculating the
component values taking into account parasitic parameters.

In general, the main impedance matching network components are capacitors, inductors, and RF
transformers (baluns) all of which contain parasitic parameters. After calculating matching network
component values using classical matching techniques, the measured and simulated response curves
differ depending on the target frequency. The deviation from the target frequency—the undesired
offset of the S11 response on the frequency axis—depends on component parasitic parameters and
tolerance as well as the target frequency. This results in multiple calculations and measurement cycles
in order to match the source and load at the desired frequency. Component databases with parasitic
parameters are available in different RF software tools, such as Advanced Design Systems (ADS)
or Applied Wave Research (AWR) design environment, but their usage is the post-design phase of
calculating impedance matching networks. As a result, this requires further optimization of the ideal
calculated values.

Comparison to Existing Works

Different approaches aimed at improving impedance matching networks have been presented
over the years. Paper [2] addresses parasitic parameter influence on impedance matching network
response and proposes including ohmic losses in the design procedure. The authors provide equations
which include the parasitic resistances of capacitors and inductors to match a real source with a complex
load. This proposed approach has been confirmed effective for any two difference pair impedances to
be conjugately matched. The impact of non-idealities of the lumped passive elements (inductor and
capacitor) in the matching networks of RF amplifiers is analyzed in [3]. The authors described L-, π-,
and T-networks by deriving expressions as a functions of inductor quality factor (QL), capacitor quality
factor (QC), and transformation ratio. Simulation results show that a network synthesized on the basis
of proposed set of equations nullifies the effect of non-idealities by 70–80% in L-networks and 10–20%
in π-networks, but marginally improves the effect of non-idealities in T-networks at a frequency of
900 MHz. The authors of [4] provide and validate a methodology of calculating optimal impedance
matching networks including the parasitics of on-board surface-mount components. The authors utilize
ADS simulation capabilities in order to fine-tune the component values when using vendor-provided
component databases and extracting printed circuit board (PCB) parasitics. Paper [5] proposes an
algorithm of broadband matching with lumped elements. The authors provide an unusual way of
designing the matching network by determining the back-end or front-end impedance of the matching
network using the scattering parameters of the matching network, in conjunction with the source and
load reflection coefficients. The scattering parameters of the matching network are optimized to be able
to achieve maximum performance. The matching network itself is synthesized as a lossless two-port
yielding the desired single matching network topology with initial element values. Paper [6] studies
layout improvement techniques in order to obtain similar reflection and transmission responses when
designing around 0402 and 0201 size components. The authors have improved the layout of 0402
size matching network by reducing land pad parasitics to obtain similar broadband characteristics
to those when using 0201 parts. The authors of [7] study the Q-based approach of designing an
impedance matching network. The Q-based approach is related to the energy transfer and dissipation
in the matching network. Due to small losses in capacitors, the parasitic parameters of capacitor
components are neglected; therefore the authors included only inductor parasitic parameters in their
Q-factor-based approach.

Research on other types of matching networks have also been proposed including adopting
a “CLC” π-type matching network for the purpose of making it variable [8], utilizing
a micro-electro-mechanical system (MEMS) switch-based reconfigurable matching network to improve
the linearity and efficiency of an RF power amplifier under load variations [9], and employing
dual-band networks based on distributed components [10].
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Most of the reviewed published articles on improving impedance matching accuracy proposed
various methods of calculating lossless matching networks, and subsequently run computer-aided
simulations including land pad and microstrip feed line electromagnetic co-simulation in order
to fine-tune the results. Typically, only a single-case simulation of a matching network in one
surface-mount package type is performed. None of the articles that are known to the authors include
lumped component parasitic inductances and capacitances alongside with ohmic loss components.
As a result this paper proposes a methodology of including lumped surface-mount component parasitic
parameters such as equivalent series resistance (ESR), equivalent series inductance (ESL) and leakage
resistance, all of which are based on the component value (capacitance or inductance), frequency,
and surface mount device (SMD) package size. The proposed algorithm is the next step of optimizing
calculated values based on classical impedance matching theory which can be integrated into the
initial calculation stage. The latter algorithm is suitable for both narrow- and wide-band impedance
matching networks and, for example, can be used with the wide-band matching network calculation
methodology published in [5]. The proposed algorithm is discussed in detail in Section 2 of this article.

2. Proposed Impedance Matching Network Component Value Compensation Algorithm

The proposed impedance matching network synthesis (IMNS) algorithm is presented in Figure 1.
The algorithm is intended to be used as a compensation technique after the impedance matching
networks have been designed using classical matching techniques. The proposed algorithm is based
on estimating surface mount device (SMD) component (capacitor and inductor) parasitics, such as
Q-factor, ESR, ESL, self-resonant frequency (SRF), and drain resistance Rd, all of which are based
on the component value (capacitance or inductance), frequency, and SMD package size. The need
of compensation arises from the fact that the latter parasitic parameters shift the matching response
(usually to the lower side of the frequency range) by a certain value, which is dependent on the
target frequency. This frequency shift can reach several hundreds of megahertz. As a result, with no
compensation techniques, the designer can match the network to the desired frequency only via several
calculation and measurement cycles.
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It is noted that parasitic inductance and capacitance for microstrip feed line going to and from
the matching network can be included into the initial source and load impedances, and therefore the
parasitic inductance and capacitance for the microstrip feed line are not mentioned in the proposed
compensation algorithm. The microstrip lines connecting the matching network components together
are neglected due to their minimal influence on the S11 response if the component layout has been
done with careful consideration. The latter includes keeping minimal distances between matching
network components and avoiding stubs. For example, a T-type matching network consisting of 0402
size components can typically have 0.5 mm microstrip transmission lines interconnecting the land pads
and this distance introduces minimal impact up to 7.5 GHz. At this frequency, 0.5 mm becomes equal
to λ/4 at which stage it will affect the response PCB dielectric with a permittivity of Er = 4. Although,
when operating at higher frequencies the distance between components can be reduced or even select
distributed component matching networks instead of those that utilize lumped components.

The proposed IMNS algorithm provides compensated matching network component values
which match the source and load impedances at the desired frequency with improved accuracy
compared to the classical matching theory.

The specific calculations that are required during each algorithm step are discussed in detail in
the next section.

3. Proposed Impedance Matching Network Component Value Compensation Methodology

Different elaboration levels of lumped component models can be found in various references,
but the approach proposed in this article utilizes lumped capacitor and inductor models with their
respective parasitic parameters which are presented in Figure 2 [11]. The latter models have been
selected as the estimated component parasitic parameters and equations presented in this article have
been derived using the data presented by major capacitor and inductor manufacturers.
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Figure 2. Lumped models: (a) inductor and (b) capacitor.

The lumped inductor model has the following parasitic parameters:

• LPKG—SMD package equivalent series parasitic inductance, ESL;
• R—SMD package series resistance, ESR;
• CS—parasitic capacitance, which, alongside with L, defines SRF;
• L—component inductance value.

Similarly, the lumped capacitor has the following parasitic parameters:

• LPKG—SMD package equivalent series parasitic inductance, ESL;
• RS—SMD package series resistance, ESR;
• Rd = 1/Gd—capacitor parasitic drain resistance (or conductance Gd);
• C—component capacitance value.
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Lumped inductor model, presented in Figure 2a, has an equivalent impedance that can be split
into resistance and reactance equations [11]. Solving equivalent reactance XL equation for component
inductance L value provides a single real solution (1):

L =

√
−4C4

SR2ω4X2
L − 8C3

SR2ω3XL − 4C2
SR2ω2 + 1− 2CSωXL − 1

2C2
Sω3XL + 2CSω2

. (1)

The final value of the compensated inductor is found by subtracting the equivalent series parasitic
package inductance LPKG from the result calculated in (1).

Similarly, lumped capacitor model, presented in Figure 2b, has an equivalent impedance that can
be split into resistance and reactance equations [11] and solving equivalent reactance XC equation for
component capacitance C value provides the following solution:

C =

√
−4G2

dX2
C − 8G2

dLPKGωXC − 4G2
dL2

PKGω2 + 1 + 1

2ω2XC − 2LPKGω2 . (2)

Generalized inductor Q-factor has been derived as a polynomial function of frequency and
inductance in the frequency range of 1 MHz–3 GHz for different package SMD inductors and is
defined by the following equations:

Q( f , L) =
2

∑
n = 0

an f n, (3)

an =
2

∑
n = 0

bnLn, (4)

where an and bn are dimensionless coefficients, L depicts inductance in nH and f depicts frequency
in Hz. Both equations are presented in a third order Taylor series form, providing the simplest yet
sufficient estimate.

Various component manufacturers provide similar yet differing inductor Q-factor values, whereas
Equations (3) and (4) provide a Q-factor value that is in the region of those that can be found on
the market. The series could be expanded for a more accurate Q-factor curve which more closely
corresponds to that provided by any single inductor manufacturer. Table 1 presents the derived
dimensionless coefficient bn values for different size SMD inductors. The following values have been
derived as a result of analyzing different SMD size Coilcraft [12] inductors in the frequency range of
1 MHz to 3 GHz.

Table 1. Inductor Q-factor estimation for different surface mount device (SMD) packages.

0201 size
inductor

Coefficient b0 b1 b2
a0→ 5.7 × 10−20 −4 × 10−19 −4 × 10−18

a1→ −2.5 × 10−10 2.9 × 10−9 2.7 × 10−8

a2→ −9.7 × 10−2 1.04 4.5

0402 size
inductor

Coefficient b0 b1 b2
a0→ 1.04 × 10−20 5.2 × 10−20 −5.24 × 10−18

a1→ −6.86 × 10−11 2.57 × 10−9 4.47 × 10−8

a2→ −4.2 × 10−2 1.08 6.04

0603 size
inductor

Coefficient b0 b1 b2
a0→ 1.14 × 10−20 −5.83 × 10−19 2.44 × 10−18

a1→ 7.27 × 10−11 −2.31 × 10−9 5.08 × 10−8

a2→ 2.46 × 10−2 −8.52 × 10−1 12.8
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Table 1. Cont.

0805 size
inductor

Coefficient b0 b1 b2
a0→ 1.7 × 10−20 −1.48 × 10−18 −5.92 × 10−18

a1→ −3.37 × 10−12 −2.69 × 10−10 7.78 × 10−8

a2→ 2.08 × 10−3 1.17 × 10−1 11.76

1206 size
inductor

Coefficient b0 b1 b2
a0→ 2.48 × 10−21 −2.5 × 10−19 −1.7 × 10−17

a1→ 1.13 × 10−12 −6.23 × 10−10 8.16 × 10−8

a2→ −4.63 × 10−3 8.35 × 10−1 10.4

SMD inductor SRF has been approximated as a function of inductance value by the
following equation:

SRF ≈ 20/
√

L, (5)

where L is inductance in nH and SRF is in GHz. The latter equation has been derived by analyzing
0402HP series Coilcraft inductors [12] with values from 1 nH to 150 nH and curve-fitting the data to
create a generalized equation. Inductor ESR (resistor R value in Figure 2a) is found from the following
equation [13], which describes the relationship between Q-factor and reactance:

QL = XL/ESRL. (6)

Generalized capacitor ESR, has been derived as a polynomial function of frequency and
capacitance in the frequency range of 1 MHz–3 GHz for different package SMD capacitors and
is defined by the following equations:

ESR( f , C) =
2

∑
n = 0

mn f n, (7)

mn =
2

∑
n = 0

knCn, (8)

where mn and kn are dimensionless coefficients, C depicts capacitance in pF and f depicts frequency in
Hz. Similarly to Equations (3) and (4), Equations (7) and (8) are presented in a third order Taylor series
form, providing the simplest yet sufficient estimate. Various component manufacturers provide similar
yet differing capacitor ESR values, whereas Equations (7) and (8) provide an ESR value that is in the
region of those that can be found on the market. The series could also be expanded for a more accurate
Q-factor curve which closely corresponds to that provided by a single inductor manufacturer. Capacitor
ESR estimation coefficients, presented in Table 2, have been derived by analyzing capacitors from
two major capacitor manufacturers Murata [14] and TDK [15]. The analyzed capacitors had values of
0.1 pF, 0.5 pF, 1 pF, 5 pF, 10 pF, 18 pF, 20 pF, and 40 pF across 0201, 0402, 0603, 0805, and 1206 packages
in a frequency range of 250 MHz to 3000 MHz in 250 MHz steps.

Larger size (0805 and 1206) capacitors have an almost identical ESR curve to that of 0603 capacitors.
As a result coefficients for 0603 size capacitor can be used approximating ESR for both 0805 and 1206
size capacitors, hence are not included in Table 2.

Capacitor parasitic dielectric drain (leakage) resistance Rd = 1/Gd is dependent on the type of
dielectric material used. The most widely used dielectric materials and their ESR and parasitic drain
resistance Rd have been summarized analyzing [16–19] and are presented in Table 3.

SMD inductor and capacitor packages have typical ESL and ESR values that are presented in
Table 4. The following parameters have been summarized by analyzing technical datasheets from
different manufacturers [16–20].
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Table 2. Capacitor equivalent series resistance (ESR) estimation for different SMD packages.

0201 size
capacitor

Coefficient k0 k1 k2
m0→ −7.22 × 10−24 3.83 × 10−22 8.4 × 10−22

m1→ −6.01 × 10−14 1.49 × 10−12 −3.44 × 10−12

m2→ 4.71 × 10−3 −1.31 × 10−1 9.09 × 10−1

0402 size
capacitor

Coefficient k0 k1 k2
m0→ −2.66 × 10−23 7.31 × 10−22 1.93 × 10−21

m1→ −7.94 × 10−14 2.99 × 10−12 −5.07 × 10−12

m2→ 4.84 × 10−3 −1.35 × 10−1 8.93 × 10−1

0603 size
capacitor

Coefficient k0 k1 k2
m0→ −3.95 × 10−23 2.44 × 10−21 −2.3 × 10−20

m1→ 2.05 × 10−13 −1.26 × 10−11 1.75 × 10−10

m2→ 2.6 × 10−4 −1.51 × 10−2 3.86 × 10−1

Table 3. SMD capacitor parasitic drain resistance.

Dielectric Type Rd, GΩ

NPO/C0G 100
X7R 100
X5R 50

Table 4. Typical equivalent series inductance (ESL) and ESR for different SMD packages.

Package ESL, pH ESR, mΩ

0201 400 40
0402 550 49
0603 700 77
0805 800 67
1206 1250 99

The final compensated inductor or capacitor value is found by inserting reactance XL or XC,
calculated using classical impedance matching theory, into (1) or (2) accordingly, taking into account
the derived component parasitic parameter estimation Equations (3)–(8) and the coefficients (Tables 1
and 2), typical SMD package parasitics (Tables 3 and 4), and following the proposed algorithm
in Figure 1.

It is to be noted, that the derived equations provide generalized lumped component model values
that are suited not only to exactly describe Coilcraft, Murata or TDK components. The latter equations
do not exactly match the parameter curves from the latter vendors, but provide a parameter change
tendency, which is true to SMD capacitors and inductors in general, regardless of the manufacturer.

The proposed mathematical model and IMNS algorithm evaluation through simulation and
measurement are presented in the following section.

4. Proposed Algorithm and Methodology Verification

The proposed impedance matching network synthesis algorithm has been implemented in Open
Command Environment for Analysis (OCEAN) and Silicon Compiler Interface Language (SKILL)
programming languages as a toolbox that can be integrated into Cadence Virtuoso design software.

The two out of five toolbox tabs presented in Figure 3 are used to define the main impedance
matching constraints and provide information on the type and size of SMD components. All of the
latter information is taken into account when calculating the impedance matching network component
values using classical theory and applying the proposed compensation methodology. The toolbox also
provides an option to automatically synthesize all solutions in a selected Cadence Virtuoso library and
evaluate each one running small-signal S-parameter simulations.
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The proposed mathematical model and IMNS algorithm have both been evaluated via computer
simulation and experimental measurements. Computer simulations have been conducted using the
created IMNS toolbox in Cadence Virtuoso, whereas experimental measurements have been done using
a calibrated HP8753E (Figure 4b) vector network analyzer (VNA) and an impedance controlled PCB.
All measurement equipment has been calibrated using “Open/Short/Load” technique.
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(VNA) test-bench.

The verification procedure started with measuring the impedances of the device under test
(DUT) at different frequencies resulting in the following load impedances: ZL,500MHz = 10.4 + j11.1,
ZL,1500MHz = 14.6 + j36.6, and ZL,3000MHz = 54.3 + j111. Then L-type, π-type, and T-type matching
networks, have been designed to match a source impedance of ZS = 50 Ω to measured load impedances
using 0402 (the most widely used part sizes in the consumer electronics industry) size SMD components
at 500 MHz, 1500 MHz, and 3000 MHz frequencies. Afterwards, all found solutions have been
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evaluated via computer simulation. The same network topologies with both ideal and compensated
values according to the proposed methodology have been evaluated through measurement.

Results presented in Figure 5 plot three curves associated with each target frequency.
“Sim. Non-compensated” curves (dotted) correspond to the simulation of matching networks with
non-compensated component values, which are found using classical impedance matching theory,
with all package parasitics included. “Meas. Non-compensated” curves (solid gray) correspond to
measurement results, when closest to non-compensated component values, which are found using
classical impedance matching theory, are used. Finally, “Meas. Compensated” curves (solid black)
correspond to measurement results, when closest to the compensated component values, which have
been calculated using the proposed methodology and IMNS algorithm, are used. Five attempts to
match the source to the load at each target frequency have been conducted with consistent results
using components from the same batch.
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component tolerance evaluation results at 2500 MHz.

Figure 5a presents 0402 size L-type matching network simulation and measurement results
accordingly at the frequency of 500 MHz. Ten percent tolerance SMD inductors and capacitors are used
during experimental measurements. Analysis of the presented measurement results show that the
impedance matching network with compensated values matches the source and load at a frequency of
504 MHz, when the target was 500 MHz. This proposed methodology minimizes the offset to 0.08%
compared to 1% offset achieved with component values calculated using classical theory. Further
analysis involves multiple impedance matching networks and the results reveal that at a target
frequency of 500 MHz components with a 10% tolerance, parasitics and non-compensated values can
introduce anywhere from 3.2 to 9.8% deviation from target frequency.
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When using the same tolerance components at 500 MHz, matching networks with compensated
values, the unwanted offset range becomes 0.1–8.8% from the target frequency. The proposed
compensation algorithm reduced the worst case deviation by 1% at 500 MHz.

Figure 5b presents 0402 size T-type matching network simulation and measurement results
accordingly at the frequency of 1500 MHz. Ten percent tolerance SMD inductors and capacitors were
used during experimental measurements. The latter figure reveals smaller S11 value at the notch
frequency, which is generally affected by the component tolerance and the closest available component
values to the calculated ones.

Nevertheless, the proposed compensation algorithms matched the circuit at 1470 MHz compared
to the 1440 MHz using the non-compensated values. This leads to a deviation improvement of 2.16%,
from 4.16 to 2% deviation. Further insight into multiple matching networks at 1500 MHz revealed,
that a 4–12.3% undesired offset from the target frequency can be introduced using 10% tolerance
components using non-compensated values. Applying the proposed correction, the deviation region is
reduced to 1–8.7% from the target frequency which is a 3.6% improvement at the worst case offset.

Figure 5c presents 0402 size T-type matching network simulation and measurement results
accordingly at the frequency of 3000 MHz. Ten percent tolerance SMD inductors and capacitors are
used during experimental measurements. The presented frequency responses conclude, that 10%
tolerance components are not sufficient to provide exact (or within several percent of the target
frequency) impedance matching at 3000 MHz. The compensated values improve the response and shift
the curve from 2845 MHz to around 2900 MHz, but the target frequency is not reached. As a result,
the deviation range of using compensated matching network component values reduces from 5.5–15.1%
to 1.3–8.1% at a target frequency of 3000 MHz.

The results presented in Figure 5 have been obtained using components in listed Table 5.
The number presented outside the brackets depicts the calculated value, while the value given inside
the brackets is the closest manufactured component value to the calculated one. GRM155R71H
series 0402 SMD capacitors and LQG15HS series 0402 SMD inductors, both manufactured by Murata,
have been used during measurements. Components with the index “1” at the source side, whereas
components with index “2” in the case of the L-type network and index “3” in the case of the T-type
network—on the load side.

Table 5. 0402 size impedance matching network component values.

0402 Matching Network Type
Matching Network Component Values

500 MHz 1500 MHz 3000 MHz

L-, T-type

Non-compensated

Forward L-type T-type T-type
(L-shunt, C-series) C1 = 17.7 (18) pF C1 = 3.58 (3.6) pF
L1 = 7.86 (8.2) nH L2 = 3.18 (3.3) nH L2 = 8.58 (8.2) nH
C2 = 11.43 (11) pF C3 = 1.78 (1.8) pF C3 = 0.47 (0.5) pF

Compensated

Forward L-type T-type T-type
(L-shunt, C-series) C1 = 10.67 (11) pF C1 = 2.3 (2.2) pF
L1 = 7.47 (7.5) nH L2 = 2.78 (2.7) nH L2 = 6.83 (6.8) nH
C2 = 10.87 (11) pF C3 = 1.69 (1.6) pF C3 = 0.45 (0.5) pF

Due to the unknown exact value (including the deviation introduced by the component tolerance)
of each component used, it is not clear what tolerance components are sufficient to provide accurate
matching (within 1–2% of the target frequency). In order to find out whether or not 10% components
can be used as matching network building blocks at high frequencies (2 GHz and above), a series of
simulations have been conducted with the results presented in Figure 6 and Table 6.
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Table 6. Yield results at 2500 MHz target frequency.

Yield, % Number of Passed/Failed Circuits Target Specification/Comment

81.9 819/181 All components 10%, S11 ≤ −10 dB in the range on
2400 MHz–2600 MHz

99.3 993/7 All components 5%, S11 ≤ −10 dB in the range on
2400 MHz–2600 MHz

98.7 987/13 C2 tolerance 5%, C1 and L1 tolerance 20%,
S11 ≤ −10 dB in the range on 2400 MHz–2600 MHz

An insight on a T-type matching network with 10% tolerance components at 2500 MHz target
frequency is presented in Figure 5d. When all compensated component values (C = 14.38 pF, L = 3.15 nH,
C = 0.59 pF) are reduced by 10%, the simulated response is as shown in the dotted line in Figure 5d
alongside with the measured results. The fact that simulation results in Figure 5d are similar to
the measurement results, implies that the lumped component models and the proposed parasitic
parameter prediction algorithm performs with high accuracy and is viable when designing impedance
matching networks. The measurement results in presented Figure 5d do not suffice the requirement
to match the circuit at 2500 MHz due to low component tolerance. The latter leads to a statement,
that in order to achieve high impedance matching network response accuracy (of around 1% at the
target frequency), low tolerance components (5%, 2%, or even 1%) should be used alongside the
proposed compensation algorithm that at high frequencies (above 2 GHz). At frequencies below
2 GHz, 10% tolerance components provide sufficient S11 curve accuracy.
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The next logical step arising from the previous paragraph is to understand what component
tolerance is sufficient at frequencies above 2 GHz. Component price is tightly related to its tolerance
while reducing the cost of the bill of materials is paramount for high volume production.

A statistical yield analysis has been conducted on a T-type matching network at a target frequency
of 2500 MHz with the results shown in Figure 6.

Each of the three graphs depicts the yield when one of the three component values has changed
in the range related to the tolerance of the component. The selected number of samples was chosen
to be 1000 and the target yield specification was chosen to be S11 ≤ −10 dB in the frequency range
from 2400 MHz to 2600 MHz. Based on the results presented in Figure 6, component C3 (closest to
the load) was the most susceptible to tolerance shifts and mostly defined the yield. In other words,
the latter component introduced the most frequency shift to the S11 response. All three graphs in
Figure 6 present components with 5% and 10% tolerances and one can clearly spot that at frequencies
above 2000 MHz (in this case at a frequency of 2500 MHz) 10% tolerance components do not provide
sufficient yield (above 95%) with the given target requirements.

Results presented in Table 6 are related to the histograms in Figure 6 and depict that 5%
components provide a 99.3% yield at 2500 MHz. It has been mentioned that based on the results in
Figure 6, component C2 value greatly affects the yield, and therefore the last row of the table displays
a situation, when C2 tolerance is kept low (5%), but the tolerance of C1 and L1 is increased to that of
standard general purpose components (20%). This resulted in a decrease in the yield only by 0.6%.

This leads to a conclusion that in order to have a ≥95% yield of matched circuits at a target
frequency above 2000 MHz, 5% component tolerance is sufficient. An additional step can be taken to
reduce the price of a mass-produced consumer product without sacrificing the yield. One can find
the component in the matching network which is most responsible to the shift of the S11 curve in the
frequency axis and replace this component with a 5% tolerant part while simultaneously reducing the
tolerance of the rest of the matching network components to the cheapest 20% tolerance versions.

Figure 7 presents Monte Carlo simulation results for the matching network in 2.4–2.6 GHz
frequency range. The latter figure presents histograms with minimal S11 response values (at the
notch frequency) on the horizontal axis and the number of circuits that satisfy the latter condition
on the vertical axis. Three types of component tolerances are used during Monte Carlo simulation
and correspond to each histogram in Figure 7. The total area for each of the latter three histograms
is identical. The histograms depict the number of circuits with different S11 response minimal value
offsets from the target 2.5 GHz frequency due to component tolerance. According to the pink histogram
that depicts the circuit performance with 10% tolerance components, in a lot of cases (181 out of 1000)
the response is shifted in a way that S11 value shifts above the −10 dB threshold. This leads to a total
yield of 81.9%, as presented in Table 6. In the case of 5% components, the number of failed circuits
is less, resulting in negligible S11 curve shifts around the target frequency. As previously mentioned,
in order to reduce the number of high tolerance components (and subsequently the overall price)
without greatly affecting the S11 response and yield, the component that is most susceptible to value
shifts (C2 in the case of Figure 6) is kept at 5% tolerance, whereas all other components are kept at a
general purpose 20% tolerance level. According to the Monte Carlo simulation results that are shown
in Figure 7, the red histogram spread is similar to the blue histogram in the frequency range of interest.
This directly implies that the S11 curve frequency deviation is similar for matching networks with all
5% tolerance components to those with C2 at 5% and all other component tolerances kept at a general
purpose 20%. Only a negligible number of occurrences when S11 > −10 dB in in both cases, resulting
in a similar yield as provided in Table 6. The simulation results in Figure 6 confirm the proposition that
in order to reduce the bill of materials (BOM) cost during mass production, only the most sensitive
to change component in the impedance matching network needs to be high precision and all other
component tolerances can be kept in the standard general purpose range.
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5. Conclusions

Lumped impedance matching network components (capacitors and inductors) have parasitic
parameters which affect the overall frequency response. Classical matching network design theory
does not take them into account. As a result, a methodology of estimating the main parasitic
component parameters as functions of surface mount device package size, frequency, and main
parameter (capacitance or inductance) value alongside with a compensation algorithm has been
proposed in this article. The proposed algorithm has been implemented as IMNS algorithm which has
been further integrated as an IMNS Toolbox plugin into Cadence Virtuoso.

The proposed approach is based on an algorithm for predicting parasitic parameters of surface
mount capacitors and inductors and recalculating the component value (capacitance and inductance).
Impedance matching network component value tolerance is an important parameter which affects
the accuracy of the S11 curve frequency response. Theoretical and experimental analysis of multiple
impedance matching network results revealed that at a target frequency of 500 MHz components
with a 10% tolerance, parasitics, and values based on classical theory (non-compensated) provide
a 3.2–9.8% deviation from the target frequency. When employing the same tolerance components
at 500 MHz, matching networks with compensated values (according to the proposed algorithm)
provide a 0.1–8.8% target frequency offset. The proposed compensation algorithm reduced the worst
case deviation by 1% at 500 MHz. The same components provided 4–12.3% (non-compensated) and
1–8.7% (compensated) target frequency deviation ranges at 1500 MHz. The deviation range of using
compensated matching network component values is reduced from 5.5–15.1% to 1.3–8.1% at a target
frequency of 3000 MHz. As a result, the proposed algorithm reduces the worst case frequency response
offset by 1–7% compared to that of the classical theory. Experimental research results show, that 10%
tolerance components can shift the S11 response by 1–5% at frequencies of up to 2000 MHz which can
be held as sufficient, but more accurate value components are required at frequencies over 2000 MHz
in order to obtain similar results.

According to the results obtained during statistical simulation and experimental research,
10% components provide a yield of only 81.9% within a 1000 samples the target specification of
S11 ≤ −10 dB in the range from 2400 MHz to 2600 MHz. 5% tolerance components, on the other
hand, provide a 99.3% yield in the same conditions. The improvements to the matching response
accuracy using lower tolerance components (2% or 1%) compared to their unit price make their usage
untenable compared to 5% tolerance components. An additional step can be taken to reduce the cost of
a mass-produced consumer product while simultaneously maintaining a yield of 98.7%. First, find the
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component in the matching network that is most responsible for the shift of the S11 curve in the
frequency axis and replace this component with a 5% tolerant part while simultaneously reducing the
tolerance of the other matching network components to the cheapest 20% tolerance versions. On the
other hand, lower tolerance components for all components of the matching network should be chosen
if the budget is not of great importance and accuracy is the main priority.
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