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Abstract: - Harmonic rejection ability and reflection coefficient are the most important factors in the design of 
impedance matching network. However, dynamic stability of impedance matching should be taken into account 
in applications existing working frequency drift, load impedance variation and components deviation due to 
tolerances and process variation. In order to study the dynamic performance of T network impedance matching, 
theoretical analysis is conducted in accordance with the Q (quality)-based design method. The relationships 
between the matching result (reflection coefficient) and components deviation, load impedance variation and 
operating frequency drift are obtained. The analysis results suggest that higher Q value produces worse 
dynamic stability and that matching result is more sensitive to load impedance variation when the load 
reflection coefficient of static state is larger. In designing a T network, it is need to make the tradeoff between 
dynamic stability and harmonic rejection ability. The analysis results provide theoretical basis for the design 
and characteristics analysis of T network impedance matching. 
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1 Introduction 

Impedance matching using a passive network is 
very important in the design of RF and microwave 
circuits to achieve maximum power transfer, 
minimum reflection, and adequate harmonic 
rejection [1-4]. By matching the load impedance to 
the complex conjugate of the source impedance, the 
load can obtain maximum power from the source. 
When a transmission line is used to transfer power 

to the load, the wave power is completely absorbed 
by the load, and reflection is minimized by 
matching the impedance of the load to the 
characteristic impedance of the transmission line 
[2–4]. 

The single-frequency (narrow-band) impedance 
matching circuits represented by L, T and Pi 
networks are the common-used passive impedance 
matching networks by virtue of their simplicity [3, 
4]. In practical application, the values of the passive 
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components (such as inductors and capacitors) in 
impedance matching networks often deviate from 
the theory design value influenced by nominal value 
tolerances, parasitic and manufacturing process 
variations [5-12]. For example, capacitance can vary 
up to ±20% for a metal–insulator–metal capacitor 
due to process variation [13]. These components 
deviations can cause the impedance matching 
networks to deviate from perfect matches. In 
addition to component deviation, variation of load 
impedance and working frequency drift in 
applications such as the piezoelectric ultrasonic 
transducers [14, 15] and cell phone antenna [11] can 
also cause deviation from perfect matches. 

Broadband impedance matching and dynamic 
matching are solutions to this problem [16–19]. 
However, the single frequency matching adopted in 
L, Pi and T networks is preferred due to its 
simplicity and manufacturing feasibility in many 
applications, such as in small type systems. Hence, 
investigating the dynamic performance of the 
commonly-used single-frequency 
impedance-matching networks is of utmost 
significance. 

The influence of load impedance variation on the 
performance of L network is analyzed by Chung 
[20]. Chen and Weber [11] presented a process 
variation-insensitive network with matched passive 
components. Sun and Fidler discussed component 
tolerance and parasitic sensitivities of frequency 
response of Pi network in [21]. 

The most important performance of 
impedance-matching networks, in many 
applications, is the resulting reflection coefficient, 
which represents the effect of impedance matching. 
In the present work, the dynamic performance of T 
network impedance matching is theoretically 
analyzed using the reflection coefficient as the 
performance parameter. 

The remainder of this paper is organized as 
follows. The Q-based design method of T network 

impedance matching is introduced in Section 2. 
Impacts of components deviation caused by 
tolerances and process variations on matching 
performance of the T network are analyzed in 
Section 3. Impacts of load variation and frequency 
drift on the matching performance are analyzed in 
Section4 and Section 5 respectively. The discussions 
and conclusions are presented in Section 6. 

 

2 Q-based design method of T network 
impedance matching 

2.1 Design process 

The easy-to-use Q-based design method is often 
adopted in designing impedance matching networks 
for its simplicity [3, 22]. In order to theoretically 
analyze the dynamic performance of T network, we 
introduce the Q-based design method in this section. 
For simplicity, the source impedance and load 
impedance of the T network in Fig. 1 were 
considered as pure resistance, which are denoted by 
R1 and R2 respectively. Defining Q1=XL1/R1, 
Q2=XL2/R2 and k=R1/R2, the loaded quality factor Q0 
can be defined as Q0 = (Q1+Q2)/2. The design 
process is as follows [22]: 

C

1L

2R

1R 2L

 

Fig. 1 A T network for pure resistance matching 

a. An appropriate Q0 for the network is selected, 
which meets the designable condition of: 

)1( for      1
2
1

21(min)00 ≥≥−=≥ kRRkQQ ,  (1) 
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and other conditions, such as harmonic 
rejection. 

b. Q1 and Q2 are calculated using Eqs. 3 and 4. 
(k≠1) given by: 

k
kkQQ

Q
−

−−−
=

1
)1(42 22

00
1   and      (3) 

1
)1(42 22

00
2 −

−−−
=

k
kkQkQ

Q .       (4) 

c. Components L1, L2, and C of the network are 
calculated using Eqs. 5 to 7 given by: 
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where ω0 is the matching angular frequency. 

2.2 Selection of Q0

As shown in the design process above, the key in 
designing a T network impedance matching is to 
select the appropriate loaded quality factor Q0 for 
each network. In [20] and [22], the guidance of 
selection considers the harmonic rejection of the 
network. Defining the voltage transfer function as 
H(S) = V2/Vs, the complex frequency response H(jω) 
can be obtained using circuit analysis, and then 
substituting S=jω. The magnitude frequency 
response |H(jω)| is derived using Eq. 8 expressed as: 
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(8) 

where p = 4kQ0
2-(k-1)2, ωp = ω/ω0. 

The n-order harmonic rejection can be calculated 
by 20 log[|H(jnω0)|/|H(jω0)|] for specified Q0 and k. 
Fig. 2 shows the plots of the second and third 
harmonic rejection performances with respect to the 
loaded Q0 of the network, respectively when k=0.5. 
The harmonic rejection ability of T network is 
proportional to the value of Q0. A suitable Q0 can be 
selected according to the requirement of harmonic 
rejection when designing a T network impedance 
matching. 

 

Fig. 2. Harmonic rejection performance of a T 
impedance matching network 

 

3 Impacts of components deviation on 
the matching performance 

The passive components such as inductors and 
capacitors are the key components in T network 
impedance matching. Affected by tolerances and 
manufacturing process variations, the values of the 
passive components in practical circuits are different 
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from the theory design value. In addition, the small 
variation of components parameters can be caused 
by working environment factors such as temperature. 
These deviations from the theory design values 
prove to affect the matching effect of T network. 
The impacts of the deviation of components L1, L2 
and C on the matching performance of T network 
are analyzed in this section. 

Considering the T network in Fig. 1, the 
equivalent impedance Ze of matched load at working 
frequency is demonstrated as 

220
0

10 1
1

RLj
Cj

LjZ e

+
+

+=

ω
ω

ω .    (9) 

For the ideal condition, the equivalent impedance 
Ze at working frequency is matched to be equal to R1 
by the T network and the resulting reflection 
coefficient is zero. 

3.1 Deviation of inductor L1

Considering a small deviation ∆L1 from the design 
value of inductor L1 due to process variation or 
tolerance in Fig.1, the practical inductance of L1 is 
given by 

( )11111 1 dLLLLL +=∆+=′ ,        (10) 

where L1 is determined by Eq. 5 and dL1= ∆L1/L1, 
the relative deviation of inductor L1. 

The practical equivalent impedance of matched 
load at working frequency becomes 

111110 dLQjRRLjZZ ee +=∆+=′ ω .   (11) 

The changed equivalent impedance will result in 
a deviation from perfect match. The reflection 
coefficient caused by the deviation of inductance L1 
can be calculated by 

211
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e

e .      (12) 

Eq. 12 suggests that the deviation of inductance 
L1 from its theory design value can make the 
matching effect worse and the magnitude of 
resulting reflection coefficient |Γ’| is proportional to 
the relative deviation dL1 and Q1. Fig.3 shows the 
relationship between the magnitude of resulting 
reflection coefficient |Γ’| and Q1 when dL1=0.1. 
Tolerance of 10% in inductor L1 can cause the 
resulting reflection coefficient to be 0.5 when the 
selected Q1 reaches to 11.7. Eq. 12 can be used to 
calculate the resulting reflection coefficient caused 
by the deviation of inductor L1 for arbitrary quality 
factor. 

 

Fig.3 Relationship between magnitude of reflection 
coefficient |Γ’| and Q1 (dL1=10%) 

3.2 Deviation of inductor L2

Considering a small deviation ∆L2 from the design 
value of inductor L2 due to process variation or 
tolerance in Fig.1, the practical inductance of L2 is 
given by 

( 22222 1 dLLLLL += )∆+=′ ,      (13) 

where L2 is determined by Eq. 6 and dL2= ∆L2/L2, 
the relative deviation of inductor L2. 

The practical equivalent impedance of matched 
load at working frequency is demonstrated by 
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Substituting Eqs. 5-7 into Eq. 14, the resulting 
reflection coefficient Γ’ caused by the deviation of 
inductance L2 can be derived as 
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where A = (k-1)2, B = 4kQ0-p(k+1). 

Eq. 15 suggests that the deviation of inductance 
L2 can make the matching effect worse and the 
magnitude of resulting reflection coefficient |Γ’| is 
proportional to the relative deviation dL2 and Q2. It 
is obvious to see that Eq. 15 is similar with Eq. 12 
and the relationship between the magnitude of 
resulting reflection coefficient and Q2 is identical 
with Fig.3. Similarly, tolerance of 10% in inductor 
L2 can cause the resulting reflection coefficient to be 
0.5 when the selected Q2 reaches to 11.7. 

3.3 Deviation of capacitor C 

For the ideal condition where the passive 
components are the designed ideal value, the 
reflection coefficient in front of the capacitor is zero. 
Such condition indicates that the equivalent load 
impedance looking into the front of the capacitor C 
is equal to R1-jω0L1 at working frequency. 

With regard to the small deviation of ∆C in Fig. 1, 
the inductance of C is given by 

( dCCCCC + )=∆+=′ 1 ,       (16) 

where C is determined by Eq. 7 and dC= ∆C/C is 
the relative deviation of inductor C. 

The changed equivalent impedance of matched 
load at working frequency is 
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Substituting Eqs. 5 and 6 into Eq. 17, the 
resulting reflection coefficient caused by deviation 
of capacitor can be derived as 

( )
( )( )jdCQjQ

dCQjQ
+−+−

+
=Γ′

01

01 .      (18) 

 

Fig.4 Relationship between magnitude of reflection 
coefficient |Γ’| and Q0 (dC=10%) 

Eq. 18 suggests that the deviation of 
capacitance C can make the matching effect worse 
and the magnitude of resulting reflection coefficient 
|Γ’| is proportional to the relative deviation dC and 
Q0. Fig. 4 shows the relationship between the 
magnitude of resulting reflection coefficient |Γ’| and 
Q0 when dC=0.1. Tolerance of 10% in capacitor C 
can cause the resulting reflection coefficient to be 
0.5 when the selected Q0 reaches to 5.8. 

 

4 Impact of load impedance variation 
on the matching performance 

In practical application, the load impedance to be 
matched varies dynamically due to change of the 
working environment. This load impedance 
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variation can make the matching performance of T 
network worse or even produces impedance 
mismatch. In order to analyze the impact of load 
impedance variation on the matching performance, 
the load reflection coefficient Γl should be defined 
as the reflection coefficient of the load side. The 
function of T network is to reduce the resulting 
reflection coefficient Γ to zero. 

A small change of Γd in load impedance can result 
in a changed load reflection coefficient, which is 
expressed as: 

Γl’ = Γl + Γd   Γl’≤ 1.      (19) 

The changed load impedance Zl’ can be also 
expressed in terms of load reflection coefficient Γl’. 

11'

'
'

1
1

1
1
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l
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=
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=       (20) 

The equivalent impedance Ze’ after impedance 
matching is obtained by: 

'
2

1 1
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e
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Fig. 5. Relationship between magnitude of reflection 
coefficient |Γ’| and magnitude of load reflection 

coefficient |Γl| (Γd=0.1) 

Substituting Eqs. 5-7 into Eq. 21, the resulting 
reflection coefficient Γ’ can be derived through 
analytic derivation, which leads to 

( )( )
( )( )( )2

21

21

1 ldl

d

jQjQ
jQjQ

Γ−ΓΓ−−−

Γ++
=Γ′ .    (22) 

Eq. 22 suggests that the dynamic variation of load 
impedance can make the matching effect worse and 
the magnitude of resulting reflection coefficient |Γ’| 
is proportional to the variation of load reflection 
coefficient Γd and the load reflection coefficient Γl of 
static state and independent of the loaded quality 
factor Q0. The quality factor Q1 and Q2 are 
proportional to the phase angle of resulting 
reflection coefficient. Fig.5 shows the relationship 
between the magnitude of resulting reflection 
coefficient |Γ’| and the magnitude of static load 
reflection coefficient |Γl| when Γd=0.1. The resulting 
reflection coefficient is doubled to 0.2 when the load 
reflection coefficient reaches to 0.66. Larger load 
reflection coefficient of static state means poorer 
dynamic stability to load impedance variation. A 
small variation in the load impedance will cause a 
large deviation from perfect match when the 
impedance difference between load and source is 
quite large. This problem should be specially 
considered in designing T network impedance 
matching. 

 

5 Impact of frequency drift on the 
matching performance 

In applications where small frequency drift is 
inevitable, the deviation of the reflection coefficient 
from zero should be considered although the 
bandwidth is not the main concern of 
single-frequency impedance matching networks. 

Considering the circuit in Fig. 1, for a small 
frequency drift ∆ω, the drifted working frequency 
ω’ can be defined as: 
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ω’=ω+∆ω=ω(1+dω),           (23) 

where dω=∆ω/ω, the relative change of working 
frequency. 

Similarly, as in the analysis above, the equivalent 
impedance can be demonstrated as: 

22

1 1
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RLj
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+′=

ω
ω

ω
.  (24) 

Substituting Eq. 23 and Eqs 5-7 into Eq. 24, the 
resulting reflection coefficient Γ in terms of Q0, k 
and dω can be obtained as: 

( )( )
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22
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, (25) 

where Q1 and Q2 are defined by Eqs. 1 and 2 and 
M=1+dω. 

 

Fig. 6. 3D graph of magnitude of resulting reflection 
coefficient caused by frequency drift 

With the three variables Q0, k and dω, Eq. 25 is 
quite complicated. However, it can be demonstrated 
by 3D graph for specified dω. Fig. 6 shows the 
magnitude of resulting reflection coefficient caused 
by frequency drift when dω equals to 0.001, 0.005 

and 0.01 respectively. From Fig. 6, we can see that 
the value of k has a negligible effect on |Γ’| for Q0 > 
Q0(min). Hence, k can be taken as a constant to 
analyze the reflection coefficient caused by 
frequency drift dω. When k is set to 1, Eq. 25 
becomes: 

( )
( )11

1
2

0

2
0

−+

−
−=Γ′

MMjQ
MMjQ

.         (26) 

Eq. 26 shows that the magnitude of resulting 
reflection coefficient caused by frequency drift is 
proportional to dω and Q0. Fig. 7 shows how dω 
influences |Γ’| when Q0 is set to various values. The 
magnitude of resulting reflection coefficient |Γ’| is 
proportional to Q0 and this is consistent with the 
circuit theory. A circuit with higher quality factor 
has higher selectivity and is more sensitive to 
frequency drift (i.e. poorer dynamic stability). |Γ’| 
increases rapidly for a small change of working 
frequency when Q0≥5. 

 

Fig. 7. Relationship between frequency drift dω, Q0, 
and magnitude of reflection coefficient |Γ| 

 

6 Discussions and Conclusions 

a) In practical application, the components 
deviation, load impedance variation and working 
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frequency drift can make the matching effect worse 
(i.e. make the reflection coefficient deviate from 
zero). 

b) For a T network with larger quality factor 
value, the matching effect is more sensitive to 
components deviation, load impedance variation and 
working frequency drift and the dynamic stability is 
worse. 

c) In the application of load impedance 
dynamically varying, if the static load reflection 
coefficient is larger (i.e. the impedances of source 
and load are mismatched significantly), the 
matching effect is more sensitive to load impedance 
variation (i.e. the dynamic stability is worse). 

d) In designing T network impedance matching, 
the quality factor can not be too high in order to 
ensure good dynamic performance. However, the 
harmonic rejection ability is proportional to quality 
factor. Therefore, it is need to make the tradeoff 
between dynamic stability and harmonic rejection 
ability. 

e) The formulas to calculate reflection coefficient 
presented in this paper can be used to determine 
whether the T network is suitable for dynamic 
application. 
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