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Abstract: A passive-loss accounted analytic design technique for impedance matching networks is proposed here for efficient
radio frequency (RF) circuit design. The impact of component losses on matching performance is briefed initially. To overcome
the matching impact due to component losses, a set of modified equations are introduced which finds the accurate inductor and
capacitor values accounting component losses. The proposed technique is applied for single-frequency L-match, Pi-match, T-
match and dual-frequency L-match networks. The improvement in matching performance by using the proposed design
technique is validated through simulations and measurements in UMC 0.18 µm complementary metal oxide semiconductor
technology. The measurement results closely (90–95%) follow ideal component performance. Hence, the proposed passive-loss
accounted design technique will be more useful in accurate low power RF circuit design.

1 Introduction
Presently, the use of radio frequency (RF) systems is growing
rapidly in wide range of single- and multi-frequency applications
with stringent specifications like sensitivity and selectivity.
Impedance matching is one of the key factors in these systems
which helps to reduce reflections and increase efficiency [1, 2].
Matching networks find useful applications in low noise amplifiers
and power amplifiers [3], resonant inverters, rectifiers, DC–DC
converters [4], RF energy harvesting circuits, and in preventing
electromagnetic interference in high-speed electronic circuits [5].
Their implementation in complementary metal oxide
semiconductor (CMOS) technologies has attracted more research
interest to realise compact system-on-chip (SoC) solution. There
exists different circuit topologies for impedance matching purpose
[6, 7] and L, Pi, and T matching networks are commonly used
ones. The type of matching network is chosen depending on
various design requirements such as source and load resistances,
passband type (lowpass, highpass, bandpass, and bandstop),
operating bandwidth etc. Considering easy implementation and less
number of components, L-network is more preferred where
bandwidth control is not needed. On the other hand, Pi and T
networks are chosen where control on matching bandwidth is
required [8]. Numerous lumped and distributed circuit techniques
are proposed in the literature to implement matching networks.
Further, for SoC implementation, these networks need to be
incorporated on-chip, where lumped element approximation is
valid and acceptable within few gigahertz (GHz) frequencies. The
generic design approach in the literature for these matching
networks considers the passive components are non-lossy and
ideal. However, the Q-factor of inductors in present CMOS
technologies is finite and even low value. In few of the low cost
CMOS technologies, the value is below ten. Therefore, if a circuit
is designed assuming that the components are ideal, the practical
performance will deviate from the ideal one, requiring typical post-
fabrication tuning and also makes performance deviations. To
rectify this issue, literatures proposed multiple solutions such as
process-invariant design approach [9], efficient matching [4], Q-
based design [5], reconfigurable matching [10], adaptive matching
[11], high gain power matching [12], automatic matching network
[13], lumped lossy numerical circuit synthesis [14, 15] etc. Though
these approaches perform good in real time, they are highly
complex circuits and require more hardware. This leads to higher

cost and implementation time. Furthermore, there is no analytical
design method exists for lumped matching networks accounting for
their parasitic losses. In this paper, we propose a passive-loss aware
analytical design technique for real-to-real single- and dual-
frequency impedance matching networks. For explanation purpose,
our proposed technique is applied in single-frequency L, Pi, and T
match networks and dual-frequency L-match networks. However,
this technique can be extended to other networks as well. The rest
of this paper is organised as follows. Section 2 briefs the matching
networks design basics and the impact of losses associated with
passive components. The proposed technique for L, Pi, T match
networks and dual-frequency L-match network are explained in
Sections 3–6, respectively. An example design of Pi and dual-
frequency L-networks and their measurement results are discussed
in Section 7.

2 Impedance matching networks and impact of
component losses
Impedance matching networks (in form of L, Pi, and T) had been
discussed in numerous text books and articles, for example [7].
Most of these literatures consider the passive components are ideal
irrespective of the fact that, these components are fabricated either
on insulating (FR4), semi-insulating (GaAs), or conducting
(CMOS) substrates. Owing to substrate losses and other parasitic
(high in CMOS technologies), equivalent circuit of the passive
components become complex which degrades the component Q-
factor. Also the component Q-factor is frequency-dependent.
However, at any given frequency point, these components can be
represented as single equivalent inductance (or capacitance) and
series resistance (or parallel conductance) with a finite Q value,
whose approximate values are obtained from process design kit
(PDK) or using small signal simulations. These losses (finite Q)
strongly impact the matching performance of the circuit. The basic
piece of any impedance matching circuit, the L-network is
considered here, and its performance impact due to its passive
losses are detailed at first. To demonstrate, the matching
performance of L-network with and without accounting component
losses are plotted in terms of input reflection coefficient S11  as
shown in Fig. 1 (component values to match from 20 to 50 Ω are
tabulated in Table 1). From Fig. 1, it is very clear that, for circuits
with low-Q passives (QL = 5, QC = 30), the input matching
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degrades in terms of poor input reflection at the frequency of
interest as well as shift in the designed frequency. Though the
impact is shown only for L-network, these impact are same or even
worse in other networks. Therefore, the component losses must be
accounted for, in any matching circuit design to overcome these
effects. In the following sections, we formulate the design
technique for L-match network design accounting for component
losses and the same is extended to Pi, T, and dual-band L-networks
in further sections. 

3 Loss accounted L-match network design
The circuit diagram of an ideal low-to-high low pass L-matching
network is shown in Fig. 2a and the impedance equation for the
same is given by the below equation

1

R1

=
1

R2 + jXL
−

1

jXC
(1)

Solution for this circuit in ideal case is derived on the basis of
quality factors of series and parallel sections at the frequency of
interest ω0  as shown below (2)

QS = QP =
R1

R2

− 1 (2)

where

QP =
R1

XC
and QS =

XL

R2

(3)

As briefed in the previous section and Fig. 1, if these equations are
used for on-chip network design, the performance degradation
becomes unavoidable. To overcome the parasitic impacts,
Dasgupta et al. [16] included the non-ideal effects and proposed an
analytical design approach for L-matching network. The parasitic
resistance of passive components can be represented in terms of
their quality factors at the frequency of interest as given by the
below equation

RL =
XL

QL
, RC =

XC

QC
or GC =

1

XC

QC

1 + QC
2 (4)

A low-to-high low pass L-matching network accounting for the
component parasitics is shown in Fig. 2b. Including component
parasitics, the impedance equation of this circuit in terms of
inductor and capacitor quality factors (QL and QC) becomes

1

R1

=
1

(R2 + jXL + (XL/QL))
+

1

((XC /QC) − jXC)
(5)

Solution for this modified circuit is derived by separating real and
imaginary part of (5) and equating both sides. Component values
are found by solving these two equations given by (6) and (7)

R2 − R1 1 +
1

QC
2 | XC

2
|

+ R1
2 1

QL
+

1

QC
+

2R1

QC
− R2 | XC|

+R2R1
2

= 0

(6)

XL =
R1XC − XCR2

R1 + (XC /QL) − (XC /QC)
(7)

This method can be extended to other L-matching networks as
well. The design equations derived for a high-to-low low-pass L-
matching network are given below

R1QL − R2QL 1 +
1

QC
2 | XC|

2

+
2R1QLR2

QC
− R2

2
1 +

QL

QC
| XC|

+R1QLR2
2

= 0

(8)

XL =
(( − XC

2
R2)/Qc) + XCR2 R2 + (XC /QC)

R2 + (XC /QC) + −XC
2 (9)

A set of component values to match from 20 to 50 Ω and 50 to 20 
Ω at 1.8 GHz frequency are computed and are listed in Table 2.
From Table 2, it has been observed that, commendable changes in
component values are essential (>50%) when component quality
factor degrades from infinite (ideal) to below ten. The S11 and S21

performances of the circuits using these components are plotted in
Fig. 3. From the figure, it is proven that the proposed solution gives
much better (close to ideal) matching even with low Q-factor
components. 

4 Passive-loss accounted Pi-match network
design
One of the drawbacks in L-matching network is its inability to
control the matching bandwidth, which is defined only by source
and load impedances as given in the below equation

QLmatch =
RS

RL
− 1, where RS > RL (10)

To get control over matching bandwidth, Pi or T network is formed
by introducing an additional element in L-network. The passive-
loss accounted design of Pi-matching network is explained below.

The design of Pi-matching network is done by splitting the
circuit into two suitable L-sections and the corresponding design
equations for a given transformation quality factor QIN  are given
in (11)–(13) [7]

L = LR + LL =
Qright + Qleft RI

ω0

=
QINRI

ω0

(11)

Fig. 1  Impact of parasitics on matching performance
(a) Low to high (LtoH) L-match circuit, (b) Input reflection S11  plot of an ideal circuit designed to match from 20 to 50 Ω at 1.8 GHz
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QIN = Qright + Qleft =
R2

RI
− 1 +

R1

RI
− 1 (12)

CR =
Qright

ω0R2

and CL =
Qleft

ω0R1

(13)

where RI is the intermediate impedance, Qleft and Qright are quality
factor of the left and right L-matching networks, respectively, ω0 is
the matching frequency, R1 and R2 are the source and load
impedances, respectively. The parasitic aware L-matching network
(above discussed) can be adapted here as well for designing
individual L-matching network. However, choice of the networks
is to be analysed. For a Pi-matching network, four possible L-
matching combinations can be availed as below

i. high-to-low (Left-L), low-to-high (Right-L);
ii. high-to-low (Left-L), high-to-low (Right-L);
iii. low-to-high (Left-L), low-to-high (Right-L);
iv. low-to-high (Left-L), high-to-low (Right-L).

Among these, option (iv) is the only suitable solution while
accounting for the component losses. This is due to the variation
appears in the impedance after matching, on individual L-matching
circuits. In detail, when the components are lossy, an L-matching
network should be computed in the same way that need to be
matched (connected or measured). In lossy component
environment, the matching is not reversible, i.e. match from R1 to
R2 does not lead to the same component values as for R2 to R1. This
is clear from Table 2, where the component values are different for
20–50 Ω matching and 50–20 Ω matching in low-Q case. Hence, if
the circuit is designed in reverse direction, the resulting total
impedance will be unmatched. Fig. 4 shows the variation in
impedance between the forward computed and reverse computed
cases over different quality factor values of inductor and capacitor.

The variation is more prominent for poor quality factor
components. 

For any transformation quality factor QIN , the intermediate
impedance RI  will be less than that of source and load
impedances. Hence, for a Pi-matching network, the right L-section
has to be considered as high-to-low L-match and the left one as
low-to-high L-matching network as shown in Fig. 5. After
calculating component values for individual L-networks, the two
inductors are added together L = LL + LR  to create a three
element Pi network. Applying this method, a Pi-matching network
is designed to match from 20 to 50 Ω at different frequencies and
the corresponding component values are listed in Table 3. The S11

and S21 performance of Pi-matching network using these
components is compared with ideal and lossy components
performance at 1.8 and 2.4 GHz centre frequencies as shown in
Fig. 6. Fig. 6 proves that the proposed approach nullifies the
parasitic impact and closely follows the ideal S11 response. From
Table 3, it is clear that the component values have to be changed
(>50%) while using low Q-factor components. This is validated
through Fig. 6. 

5 Parasitic aware T-matching network design
A low-pass T-match network is dual of Pi-match network described
in the previous section. Hence, synthesis of T-match network is
done in the same way as Pi-matching network by splitting the
circuit into two L-sections and solving them individually.

Assuming all the components are ideal, the design equations are
given in (14)–(16)

C = CR + CL =
Qright + Qleft RI

ω0

=
Qin

ω0RI
(14)

Table 1 Derived component values for ideal circuits at 1.8 
GHz
CKT L (nH) C (pF)
L-match (L-to-H) 2.166 2.166
L-match (H-to-L) 2.166 2.166
 

Fig. 2  Low-to-high low-pass L-match network
(a) Ideal circuit, (b) Practical circuit

 

Fig. 3  S11 and S21 response of L-match network using the proposed design
technique. Solid lines are S11 and dotted lines are S21

(a) Low-to-high network, (b) High-to-low network
 

Table 2 Derived component values for L-match network at
1.8 GHz

20–50 Ω 50–20 Ω
QL, QC ∞, ∞ 5, 30 ∞, ∞ 5, 30
L 2.166 nH 2.233 nH 2.166 nH 2.02 nH
C 2.166 pF 1.765 pF 2.166 pF 2.658 pF

 

Fig. 4  Reverse matching impact (impedance variation) over component
quality factor
(a) With respect to inductor quality factor, (b) With respect to inductor and capacitor
quality factor

 

Fig. 5  Synthesised Pi-matching network
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QIN = Qright + Qleft =
RI

R2

− 1 +
RI

R1

− 1 (15)

LR =
R2Qright

ω0

and LL =
R1Qleft

ω0

(16)

For a T-matching network, the intermediate impedance RI  is
always greater than the source and load impedance (R1, R2). Hence,
in the proposed technique, the left half L-section has to be
considered as high-to-low matching network and right half L-

section has to be considered as low-to-high matching network as
shown in Fig. 7. After calculating the component values for
individual L-networks, the two capacitance values are added
together C = CL + CR  to form a three element T-match network. 

Table 4 lists a set of component values derived using the
proposed method for 20 Ω (load) to 50 Ω (source) matching at
different frequencies. The S11 and S21 performance of T-matching
network is compared with ideal and lossy component behaviour for
1.8 and 2.4 GHz centre frequencies and are shown in Fig. 8. From
Fig. 8, it is evident that the response of the proposed technique
closely follows the ideal component performance. 

Fig. 6  S11 and S21 response of Pi-match network with derived components. Solid lines are S11 and dotted lines are S21

(a) Designed for 1.8 GHz, (b) Designed for 2.4 GHz
 

Table 3 Derived component values for Pi-matching network
Comp QL, QC 0.9 G 1.8 G 2.1 G 2.4 G
LL, nH ∞, ∞ 1.55 0.78 0.67 0.58

5, 30 2.72 1.36 1.16 1.02
LR, nH ∞, ∞ 0.95 0.47 0.40 0.35

5, 30 0.65 0.32 0.29 0.24
L = LL + LR, nH ∞, ∞ 2.5 1.25 1.07 0.93

5, 30 3.37 1.68 1.45 1.26
CL, pF ∞, ∞ 19.52 9.76 8.37 7.32

5, 30 10.57 5.28 4.53 3.96
CR, pF ∞, ∞ 30.52 15.26 13.08 11.45

5, 30 45.91 22.95 19.67 17.22
 

Fig. 7  Synthesised T-matching network
 

Table 4 Derived component values for T matching network
Comp QL, QC 0.9 G 1.8 G 2.1 G 2.4 G
LL, nH ∞, ∞ 30.21 15.11 12.95 11.33

5, 30 20.75 10.37 8.89 7.78
LR, nH ∞, ∞ 19.85 9.92 8.51 7.44

5, 30 34.74 17.37 14.89 13.03
CL, pF ∞, ∞ 0.95 0.48 0.41 0.36

5, 30 1.44 0.72 0.62 0.554
CR, pF ∞, ∞ 1.52 0.76 0.65 0.57

5, 30 0.83 0.41 0.35 0.31
C = CL + CR, pF ∞, ∞ 2.47 1.24 1.06 0.93

5, 30 2.27 1.13 0.97 0.864
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The proposed analytical design technique nullifies the effect of
non-idealities on L, Pi, and T matching networks and provides
matching performance close (90–95%) to ideal one. A little
degradation seen in insertion loss is due to increased inductor
values obtained from the proposed design method. However, the
finest improvement in input reflection overcomes this effect, and
makes overall performance close to ideal.

6 Parasitic aware dual-frequency L-match
network
The design of dual-band network also follow a similar procedure as
explained in previous sections. In the proposed method for dual-
band networks (design flow shown in Fig. 9), initially components
(LS and CP) of a narrow band L-network including component
parasitics are derived using following set of (17), (18) for a
resonance frequency of ω01 = |ω1 − ω2|, where ω1, ω2 are required
frequencies

XLS
2

1 +
1

QL
2 + XLS

2R2

QL
− R1

1

QL
+

1

QC
− R2

2
Q

2
= 0 (17)

XCP
2

1 +
1

QC
2 + XCP

Q
2
+ 1

Q
2 ×

2R2

QC
− R1

1

QL
+

1

QC
−

R1
2

Q
2 = 0

(18)

where Q = R2/R1 − 1 is the system quality factor. 
Next, this L-matching network is transformed into a concurrent

dual-band network using the frequency transformation method
[17]. The new input impedance of the network including
component parasitics becomes (see (19) and (20)) Since two
components (LS and CP) have been computed earlier, the two
unknown components (LP and CS) are calculated from a set of
quadratic (20), (21) derived by splitting the real and imaginary part
of the impedance (19) for the frequency ω0 = ω1ω2 (see (20) and
(21)) where

p1 = − R1XCP −
R2XCP

QLQC
−

R1R2

QL
+ R2XLS

1

QL
2 − 1

+XLSXCP
1

QL
−

1

QC
+

XLSXCP

QL
+ R2XCp 1 +

1

QLQC

q1 = −
R1R2XCP

QC
+ R2XLSXCP 1 +

1

QLQC

r1 = R2 +
XCP

QC

1

QL
−

1

QC
+ XCP 1 +

1

QLQC

s1 =
2R2XCP

QC

k1 = −
XCP

QC
2 +

1

QLQC
+

XCP

QL
− R2

l1 = R2XCP 1 −
1

QC
−

R2XLS

QLQC

m1 =
XLSXCP

QL
+ XCPR2

1

QC
−

1

QL
− XCPR1

1

QC
−

1

QL
− R1R2

+
2R2XLS

QL
+ XLSXCP 1 +

1

QLQC

n1 = R2XLSXCP
1

QC
−

1

QL
+ R1R2XCP

p2 =
R2XCP

QC
2 +

R2XLS

QLQC
− XCPR2

q2 =
R2

QC
−R1XCP +

XLSXCP

QL
+ XCPR2XLS

r2 = XCP 1 −
1

QC
2 +

2

QLQC
+ R2

1

QL
−

1

QC

s2 = R1XCP
1

QC
−

1

QL
+ R1R2 +

XLSXCP

QL

1

QL
−

1

QC

−
2R2XLS

QL
+ R2XCP

1

QL
−

1

QC
− XLSXCP 1 +

1

QLQC

Fig. 8  S11 and S21 response of T-matching network with derived
components. Solid lines are S11 and dotted lines are S21

(a) Designed for 1.8 GHz, (b) Designed for 2.4 GHz
 

Fig. 9  Flowchart of parasitic aware concurrent dual-band matching
circuit

 

Zin = jXLS +
XLS

QL
− jXCS +

XCS

QC

+
1

(1/R2) + (1/( jXLP + (XLP/QL) )) + (1/ − jXCP + (XCP/QC) )

(19)

XLP
2

p1r1 − k1m1 + XLP p1s1 + q1r1 − k1n1 − l1m1 − q1s1 − l1n1 = 0 (20)

XCS
2

p2r2 − k2m2 + XCS p2s2 + q2r2 − k2n2 − l2m2 − q2s2 − l2n2 = 0 (21)
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k2 = −
2R2XCP

QC

l2 = R2XCP R1 −
XLS

QL
+

R2XCPXLS

QL

m2 = −
XCP

QC
1 +

1

QLQC
+ XCP

1

QL
−

1

QC
− R2

n2 = R1XCP − R2XCP −
XLSXCP

QL
1 +

1

QLQC

+
R1R2

QL
+ R2XCP 1 −

1

QL
2 + XLSXCP

1

QC
−

1

QL

Analysing the derived solution, two components (LS and CP) are
computed assuming the network is narrow band (even though their
parasitic are accounted). This may lead to performance
degradation. Hence, to arrive to a more accurate solution, these two
components are recalculated [(22), (23)] with respect to overall
system impedance equation and utilising the above derived
solution for LP and CS. The same procedure [used for deriving (20),
(21)] is followed to derive the quadratic equations for LS and CP as
given in (22), (23) where

p3 = −R2 −
XLP

QL
1 +

1

QLQC
+ XLP

1

QL
−

1

QC

q3 = R1XLP − XCS

XLP

QC
− R2XLP 1 +

1

QLQC

+
R1R2

QC
−

R1XCS

QC
2 + XCSXLP

1

QL
−

1

QC
+ XCSR2

r3 = R2XLP
1

QL
2 − 1 +

R2XCS

QLQC

s3 = R2XLP XCS −
R1

QL

k3 = R2 +
XLP

QL

1

QL
−

1

QC
− XLP 1 +

1

QLQC

l3 = XLP R1 − R2 −
XCS

QC

1

QL
−

1

QC

+
2R2XCS

QC
+ XCSXLP 1 +

1

QLQC
− R1R2

m3 =
2XLPR2

QL

n3 = R2XLP −R1 + XCS
1

QL
−

1

QC

p4 = −R2 −
XLP

QL
1 +

1

QLQC
+ XLP

1

QL
−

1

QC

q4 = R2XLP 1 −
1

QL
2 −

R2XCS

QLQC

r4 = −R1XLP + XCS

XLP

QC
+ R2XLP 1 +

1

QLQC

−
R1R2

QC
+

R2XCS

QC
2 + XCSXLP

1

QL
−

1

QC
− XCSR2

s4 = R2XLP XCS −
R1

QL

k4 = R2 +
XLP

QL

1

QL
−

1

QC
− XLP 1 +

1

QLQC

l4 = −
2XLPR2

QL

m4 = XLP R2 − R1 +
XCS

QC

1

QL
−

1

QC

−
2R2XCS

QC
− XCSXLP 1 +

1

QLQC
+ R1R2

n4 = R2XLP −R1 + XCS
1

QL
−

1

QC

A set of component values computed through the proposed method
for different transformation ratios and different component quality
factors are listed in Table 5. It is interesting to notice in the table
that, the component values need a considerable change when their
quality factor is low. More than 100% change in component values
are observed for a change in component quality factor from ideal to
below ten. The S11 plots of the networks using these components
are shown in Fig. 10 for high to low and low to high matching
networks. The result shows that the proposed design method
enhances the matching performance substantially. 

The solution for dual-band network designed and validated here
is assuming the load impedance to be equal at both the frequencies.
However, this method can be applied for networks having unequal
load impedances at two frequencies. In order to obtain favourable
solution on this scenario, a common impedance value has to be
identified by relating the two load impedance values with
appropriate relationship factor. Also, the difference between the
two frequencies is to be taken care. This procedure is tested in the
proposed method. However, to derive a generic solution in this
scenario is another research problem.

7 Measurements and result validation
7.1 Measurement results

The proposed design technique is validated through simulations
and measurements using UMC180 nm RFCMOS process libraries.
Simulations are done using Cadence SpectreRF tools. On-chip
spiral inductors and metal–insulator–metal capacitors are used for
validation. The available range of on-chip inductor for this
technology UMC0.18 μm  ranges from 0.6 to 14 nH and quality
factor in the range of 5–10. Accounting for the Q-values of
passives components from PDK documents, the derived inductor
and capacitor values for different matching networks to match from
20 to 50 Ω at 1.8 GHz are given in Table 6. Among the L, Pi, and T
networks, the Pi network is fabricated and tested as a case study. A
network to transform 5–50 Ω at 0.9 and 1.8 GHz (given in Table 6)
is considered for dual-band implementation. 

The fabricated die photograph of Pi and dual-band L-networks
are shown in Figs. 11a and c, respectively. Die characterisation is
performed using Cascade Microtech vacuum probe station, PLV50
and Agilent VNA, PNA-X N5244A. The measured S11 and S21

XLS
2

p3r3 − k3m3 + XLS p3s3 + q3r3 − k3n3 − l3m3 − q3s3 − l3n3 = 0 (22)

XCP
2

p4r4 − k4m4 + XCP p4s4 + q4r4 − k4n4 − l4m4 − q4s4 − l4n4 = 0 (23)
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results for Pi and dual-band L-networks are shown in Figs. 11b and
d, respectively. The measured results are closer to the results
achieved from max–max (inductor–capacitor) corner simulation.
The difference between measured and simulated results (<5%) is
due to the effect of connecting traces from the circuit to the pad. In
real on-chip application circuits, the matching network becomes
integral part of the load. Considering the geometry of on-chip
interconnects, load side reflection is least critical. Therefore, the
proposed Q-factor aware analytical design technique has been
proven and will be useful for low power RF circuit design. 

7.2 Discussion

The measured S11 and S21 performances of the proposed matching
networks are close to simulated results. The S11 is much enhanced
and almost closer to ideal component performance. However, due
to losses in the low-Q components, the insertion loss exist in the
network and hence, the S21 is little degraded [18]. Insertion loss in
dual-band network is comparatively higher than single-frequency
network because the former uses two low Q inductors (net loss is
more) compared with only one in the later. The insertion loss can
be minimised through improving the component Q-factor. The
stop-band attenuation in the presence of lossy components may be
increased by adding a notch circuit [1] at appropriate frequency in
the successive blocks (mostly needed in dual-band network).

Table 7 shows a consolidated list of different impedance matching
techniques proposed in literatures. Complexity level given in
Table 7 is considered in terms of hardware requirement. The
proposed design method has no additional hardware requirement
and has less computational complexity. 

The proposed method can be used for designing matching
networks even if the source or load impedance is complex (having
reactance). To do this, the type of matching network should be
chosen in such a way that the reactive part of load (or source) can
be absorbed into the network as a component (or part of). This
method is feasible only if the reactance of load (or source) at the
matching frequency is lesser than or equal to that of the sharing (or
replacing) component in the network.

8 Conclusion
A parasitic aware analytical design method for on-chip single and
dual-frequency matching networks incorporating the component
non-idealities is proposed. This method gives very accurate
matching performance even with low Q-factor components and
eliminates the need of component tuning. The method is validated
for different frequencies through simulations and die
measurements.

Fig. 10  Modelled and simulated S11 response using the proposed method
(a) High to low (500–50 Ω), (b) Low to high (50–50 Ω)

 
Table 5 Components using the proposed method at 0.9 and 1.8 GHz

High to low Low to high
QL, QC LS, nH CS, pF LP, nH CP, pF LS, nH CS, pF LP, nH CP, pF
∞, ∞ 26.5 0.59 14.8 1.06 2.65 5.89 1.47 10.6
5, 30 10.6 1.47 6.17 2.53 5.51 2.83 3.86 4.04

 

Table 6 Derived component values for UMC 0.18 µm technology for 1.8 GHz (0.9 and 1.8 GHz for dual band)
CKT QL LL, nH LR, nH CL, pF CR, pF
L-match 3.6 2.226 — 1.634 —
Pi-match 3.6 1.45 0.303 4.728 24.98
T-match 3.6 9.58 18.82 0.792 0.363
dual band 3.6 5.51 2.83 3.86 4.04
 

Fig. 11  Die photograph and measured S-parameters results
(a) Die photograph of Pi network, (b) S-parameters of Pi network, (c) Die photograph of dual-band L-network, (d) S-parameters of dual-band L-network
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Table 7 Consolidation of impedance matching techniques
Year, ref. Network Fmax Implementation Technique Complexity
2006 [4] L 100 MHza PCB analytical low

2011 [10] distributed 660 MHz — hardware reconfigurable high
2010 [11] L — — hardware reconfigurable high
2010 [12] L, transformer 3.85 GHza on-chip analytical high

2011 [13] Pi 403 MHza on-chip hardware reconfigurable high

this work L, Pi, T, dual 1.8 GHza on-chip analytical low
aMeasured frequency.
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