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ABSTRACT The quality of the communication links in VPLC (vehicular power line communication) suffer
from an impedance mismatch resulting from fluctuating VPLN (Vehicular Power Line Network) access
impedance, which renders the fixed impedance matching circuit inefficient. In this paper, we designed a
T-shaped adaptive impedance matching system on the basis of the resonance- and absorption-based T-shaped
network complex impedance matching approach. We identified the load-Q (quality factor) for different
matching situations to facilitate designing T-shaped networks with broad bandwidths. The designed T-shaped
adaptive impedance matching system adjusts the component values of the T-shaped network to implement
adaptive impedance matching between the VPLC modem and VPLN. A set of simulations are conducted
for 1 MHz-100 MHz, which demonstrates that the designed adaptive matching system with a simple circuit
structure and control logic is capable of significantly improving signal power transfer.

INDEX TERMS Impedance matching, maximum power transfer, T-shaped network, resonance and absorp-

tion.

I. INTRODUCTION

Power line communication (PLC [1]) technology is one of
the most economical forms of data transmission because it
uses existing power lines as the communication medium. PLC
technology has been widely applied in electricity distribution
grid applications. Recently, an influx of electronic devices
and sensors connected to the direct current (DC) power sup-
ply of vehicles has significantly increased the weight and
complexity of the wiring harness [2]. Vehicular power line
communication (VPLC) can reduce the cost and installation
complexity of the wiring harnesses by using existing har-
nesses as the transmission medium [2], [3].

However, there are many challenges that prevent the
reliable and efficient communication over vehicular power
lines [4]-[8]. Some of the challenges include the impul-
sive noise of the connected electrical components. Addi-
tionally, the location- and time-variant nature of VPLN
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(Vehicular Power Line Network) access impedance is caused
by unpredictable load conditions. However, the fluctuating
VPLN access impedance causes the impedance mismatch
between the VPLC modem and the VPLN, which degrades
signal power transfer and affects communication reliability.
To address these problems, a new impedance matching circuit
is needed.

In [9], impedance matching approaches like the opti-
mal winding ratio selection method were explored. In this
example, a coupling transformer achieved impedance match-
ing by varying winding ratios. The practical implementa-
tion of a low-cost impedance matching circuit is presented
in [10]. To address the cost issue, L-C band-pass match-
ing couplers [11]-[13] were used as alternatives to cou-
pling transformers, which include a BPF (Band Pass Filter)
circuit and an impedance matching circuit. In cases where
matching a resistive load to a resistive source is considered,
band-pass matching circuits often have fixed structures and
components. This means that the circuits cannot achieve
dynamic impedance matching. In VPLN, access impedance
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is a complex-valued quantity and varies with location and
time [6], [14]; thus, a lack of dynamic impedance matching
results in inefficient fixed matching circuits that require adap-
tive impedance matching.

Other studies considered finding adaptive impedance
matching solutions. For example, in [15], an impedance
matching circuitry based on a voltage-controllable induc-
tance circuit, composed of resistors, capacitors and OP-
Amps, was proposed to integrate circuits without using bulky
passive inductors. In [16], a band-pass impedance match-
ing circuit performed impedance matching via a microcon-
troller, an active inductor and a digital capacitor; this was
done to adjust the resistive and reactive components, which
matched the source and load impedances. However, these
two adaptive matching approaches use off-chip transform-
ers that increase the size, weight and cost of the system.
To address this problem, articles [8] and [17] achieved
adaptive impedance matching by adjusting circuit structure
and component values of the L-shaped networks. A sin-
gle L-shaped network has only two variable components,
which restricts the network’s impedance matching capabili-
ties, and is able to achieve impedance matching over a limited
Smith Chart region [18]-[21]. There are forbidden regions in
the Smith Chart for a single L-shaped network. The Smith
Chart was divided into eight regions. The access impedances
located at different regions can not be matched by a single
L-shaped network of fixed structure. To cover a larger area
in the Smith chart, the L-shaped adaptive matching system
needs to adjust the structure of L-shaped network to suit the
impedance with different regions. Therefore, the L-shaped
adaptive matching system increases the impedance-matching
unit structure and necessitates additional control signals to
adjust the matching network’s structure for impedance adap-
tation. Furthermore, an ideal L-shaped network with tunable
capacitors and tunable inductors was used to implement the
impedance matching unit for the L-shaped adaptive matching
system. However, there is no practical tunable inductor avail-
able [18]. Further, the available tunable capacitors with finite
tuning ranges fail to satisfy the requirements of impedance
adaptation.

Unlike the L-shaped network, the T-shaped network can
achieve impedance matching for any given load impedance
(without forbidden region). In this study, we designed a
T-shaped adaptive impedance-matching system to enable
impedance matching over a wide matching region without
changing its circuit structures. Furthermore, we provided a
solution to the implementation of the T-shaped impedance-
matching unit. Capacitor arrays with a growing factor of
2i=1 are used to achieve the equivalent tunable capaci-
tors. To reduce the cost and size of the T-shaped adap-
tive system, the active inductor, e.g., a General Impedance
Converter (GIC), serves as an equivalent tunable induc-
tor to avoid using bulky passive inductors. The designed
T-shaped adaptive matching system has a simple circuit for
impedance-matching unit, because it achieves impedance
matching without adjusting its circuit structure (typology).
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Thus, it reduces the circuit complexity (control logic), system
size and implementation cost.

For VPLC, the impedance of modem is a real-valued quan-
tity while the VPLN access impedance is a complex-valued
quantity. First, to achieve impedance matching between
VPLC modem and VPLN, we illustrated a complex
impedance matching approach for the T-shaped network
based on circuit resonance and absorption characteris-
tics. Second, we designed a T-shaped adaptive impedance
matching system based on the T-shaped network com-
plex impedance matching approach. Finally, we performed
impedance matching at both the transmitter-side and
receiver-side to investigate the performance (1 MHz-
100 MHz) of our T-shaped impedance matching network via
a series of simulations. The T-shaped impedance matching
networks exhibit a similar power transfer performance as the
L-shaped networks.

The remainder of this paper is organized as fol-
lows. Section II introduces four typical three-element
matching networks and analyzes their applicability for
VPLC. Then, a real-to-real impedance matching approach
is presented. Section III details the resonance- and
absorption-based T-shaped network complex impedance
matching approach. Section IV illustrates the design process
and the resulting adaptive impedance matching system cir-
cuits. Section V reviews and analyzes the simulation results.
Section VI provides a summary of the work and suggests
future research directions.

Il. THREE-ELEMENT MATCHING NETWORKS AND
REAL-TO-REAL IMPEDANCE MATCHING APPROACH

In [21]-[25], the authors investigated three-element I1- and
T-shaped matching techniques. In [26]-[28], the authors
describes a Q-based real-to-real impedance matching
approach to achieve impedance matching between a resis-
tive source and a resistive load for Il- and T-shaped
networks.

However, the VPLN access impedance is a complex-valued
quantity, which has real and imaginary impedance com-
ponents. Unlike L-shaped networks, IT- and T-shaped
networks have three variable components, but only two
equations are provided to describe the complex-valued
impedance (i.e., the real and imaginary impedance com-
ponents). Thus, there is no unique solution to the com-
ponent values of the T-shaped (or Il-shaped) network
for matching the complex-valued impedance [21], [24].
To achieve impedance matching between the VPLC
modem and the VPLN, a complex impedance match-
ing approach for TI- and T-shaped networks should be
proposed.

In the following sections, we first discuss why we
choose the high-pass T-shaped network, and then describe
the Q-based real-to-real impedance matching appro-
aches [26]-[28]. We will illustrate the resonance- and
absorption-based T-shaped network complex impedance
matching approach in Section III.
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A. TYPICAL THREE-ELEMENT NETWORKS AND THEIR
APPLICABILITY

As shown in Fig. 1, typical three-element networks are the
IT- and T-shaped networks, which are separated into low- and
high-pass categories.

As in AC-PLC (Alternating Current-Power Line Com-
munication), injecting or extracting communication signals
from VPLN require VPLC couplers (interface circuits).
On the one hand, VPLC couplers could possess the coupling
function to filter the power waveform that could damage the
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FIGURE 1. Typical three-element matching networks (a) Low-pass
T-shaped; (b) Low-pass I1-shaped; (c) High-pass T-shaped; (d) High-pass
I-shaped.

communication devices or modems. On the other hand,
VPLC couplers could possess impedance matching capabili-
ties to maximize the signal power transfer. Since the supply
currents and communication signals and noises exist in the
same power line channel, in addition to impedance matching,
the matching network (coupler) has another important task:
to filter the power waveform that could damage the commu-
nication devices or modems [13].

As shown in Fig. 1(a) and (b), the DC power waveform
will short-circuit the series inductors (L, Ly and L), which
will draw large currents from the VPLN and further dam-
age VPLC devices and modems. Therefore, the low-pass
IT- and T- shaped networks should not be applied in VPLC
applications. As shown in Fig. 1(d), the parallel inductor L,
(or Ly1) will also be short-circuited by a DC power signal
introduced from the VPLN (or transmitter-side), which will
also draw large currents from the VPLN (or transmitter-side)
and damage the inductors. Therefore, the high-pass IT-shaped
network cannot be applied in the VPLC.

In this work, we investigate the high-pass T-shaped net-
work (see Fig. 1(c)), where the series capacitor Cy (or Cy1)
is used as a coupling circuit to block the DC power wave-
form from damaging the communication devices or circuit
components. In [29], the 12-V low-voltage VPLN is obtained
by a 48-V to 12-V DC-DC converter that feeds all periph-
erals (other electronics devices and lights in vehicles). For a
12-Vis (17-Vipear) VPLN, the capacitor Cs; (or Cyq), rated as
a 36-V capacitor, can be used to couple and isolate the VPLN
power waveform.
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B. THE REAL-TO-REAL IMPEDANCE MATCHING

As shown in Fig. 2(a), Vi and R; are the output voltage and
internal resistance of the signal source, respectively. The
source impedance Ry is 50 €2, and the R, is the real-valued
load impedance. The Q-based T-shaped network real-real
impedance matching approach [26]-[28] can be used to
achieve impedance matching between a resistive source and
aresistive load. To achieve the real-to-real impedance match-
ing, the T-shaped matching network needs to be broken into
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(b) Breaking of T-shaped matching network into
two L-shaped networks

(a) T-shaped matching network

FIGURE 2. The T-shaped matching network shown as two-cascaded
L-shaped networks.

two back-to-back L-shaped networks, as shown in Fig. 2(b).
The impedance matching between Ry and R is transformed
to match the R; and R, to a ““virtual” resistance R, located
at the junction between the two L-shaped networks. The
“virtual” resistance R, is determined by the desired load
quality (load-Q) factor and must be larger than either R or
R, because it is parallel to the shunt leg of each L-network.
The ““virtual” resistance R, [27], [28] can be calculated via
the expression

Ry = (1 4+ OP)Rpait, (1
Jo

where 0 = 4y is the load-Q factor of the matching net-
work determined by the operating frequency fp and band-
width BW. Ry,q is the smallest terminating impedance of
R and R .

After the ‘“‘virtual” resistance R, has been obtained,
the real-to-real impedance matching process is achieved via
two consecutive L-shaped network-impedance matching pro-
cesses.

As shown in Fig.2(b), for the left L-shaped matching
network, the Q-factor is characterized by the expression

IR,
Olefr = R 1. 2)

The Q-factor can also be expressed as the ratio of reactance
to resistance, as in

on, = X
left = R,
R
= —, 3)

1

2
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where X and X, are the reactance of the capacitance Cyy
and the inductance Ly;. Then, the values of Cy; and Ly can
be calculated via

1 1
Csl = = s
woXs1  WoRsQleft
4
X R
Lpl _ pl _ v

wo  @0Qufi
For the right L-shaped matching network, the Q-factor is
characterized by

Orighs = | 2=~ 1
right = Ruce P
X R

=2 = §)
Racc XpZ

where X;» and X are the reactance of the capacitor Cy; and
the inductor Ly, respectively. Then, the values of Cy, and Ly,
can be expressed as

1 1
Co = = ;
woXs2 wORacchight
(6)
X R

wo  @0Qright
For a real-valued source impedance (R; = 50 €2), when
a real-valued load impedance (R,..) and a desired load-Q
are given, a T-shaped matching network can be constructed
according to Egs. (1)-(6).

lIl. OUR IMPEDANCE MATCHING APPROACH FOR THE
TRANSMITTER-RECEIVER CHAIN

In this section, we first introduce the VPLC model and
describe our impedance matching approach and its associated
system’s structure.

A. VEHICULAR POWER LINE COMMUNICATION MODEL
The VPLC model is shown in Fig. 3. It includes three compo-
nents: the transmitter, the in-vehicle power line network, and
the receiver.

Z;=500Q
Transmi Receiver
In-Vehicular

Power Line
Network Z,=500Q
(VPLN)

=

> «
:J—g_

Zs Zaccl

Zaccz Zr

FIGURE 3. Vehicular power line communication model.

At the transmitter, V; and Z; are the voltage and
internal impedance of the source, respectively. At the
in-vehicle power line network, the VPLN is made up of
wiring harnesses, electronic devices and the lights. The
network can be modeled as a two-port network and the
VPLN access impedance (Z,..) can be characterized by the
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Thevenin/Norton equivalent impedance. At the receiver, Z,
represents the input impedance of the receiver.

The VPLN access impedance (Zsec = RacetjXace) 1S a
complex-valued quantity that varies with time and location.
However, the impedance for transmitters or receivers, e.g.,
50 €2, can result in impedance mismatch between the VPLC
modem (transmitter/receiver) and the VPLN that leads to
signal reflection and degradation.

To maximize signal power transfer, the impedance match-
ing between VPLC modem and VPLN needs to be investi-
gated. In the following work, we illustrate the resonance- and
absorption-based complex impedance matching approach for
T-shaped network (see Section III-B), discuss the selection
of load-Q (see Section III-C) and introduce the adaptive
impedance matching system structure (see Section III-D).
The design process of the T-shaped adaptive matching system
is detailed in Section IV.

B. THE RESONANCE- AND ABSORPTION-BASED
COMPLEX IMPEDANCE MATCHING APPROACH

The real-to-real impedance matching approach for T-shaped
network is detailed in Section II-B. However, the VPLN
access impedance is a complex-valued quantity (has real and
imaginary impedance components). To achieve impedance
matching between the VPLC modem and the VPLN, a T-
shaped matching network is designed based on circuit res-
onance and absorption characteristics.

1) THE IMPEDANCE MATCHING FOR INDUCTIVE ACCESS
IMPEDANCE

As shown in Fig.4, Vi and R, are the voltage and out-
put impedance of the VPLC transmitter (modem), respec-

tively. The output impedance of the transmitter (Rj)
is 50 €.

Matching network

Series resonant circuit

FIGURE 4. The series resonant circuit for an inductive access impedance.

To transform the complex impedance matching to a real-
to-real impedance matching process, we should transform
the complex-valued VPLN access impedance to a real-valued
quantity. As shown in Fig.4, when the access impedance
is inductive (e.g., Zgee = Racc+jXace), the imaginary part
of the VPLN access impedance can be represented by the
reactance of inductance Ly (woLace = Xauce). The VPLN
access impedance can also be represented by a combination
of the resistance R, and inductance L.
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In a series-resonant circuit (shown in Fig.4), when
the resonance occurs (w()]Cm = wy Lgc), the reac-
tance of the series capacitance (Cjs) and the induc-
tance (L4) cancel each other out. Therefore, remain-
ing the real part (R,.) of the VPLN access impedance.
The series resonant capacitance can be calculated via the
expression

1
Cres = , 7
res (,()OXHCC ( )

where wg = 27fj is the resonant frequency, and X, is the
imaginary part of the VPLN access impedance.

R, >R, R >R,

Left L-network Right L-network
r--—~-—~"""7°7 |

| N
*VRVH T T
s C.s'l : CS’Z
1 l
@ VS L[ﬂ% :]:Rt % Lpz
|
|
|
|

FIGURE 5. Impedance matching for inductive access impedance.

Next, as shown in Fig. 5, the complex impedance matching
process is transformed to a real-to-real impedance matching
(between R, and Ry) by canceling the imaginary part of the
VPLN access impedance. The T-shaped matching network
can then be created by the real-to-real impedance matching
process shown in Section II-B.

Finally, the T-shaped matching network can be obtained
by absorbing the series resonant capacitance Cps into
the T-shaped matching network. Because the C,s; and

Cso are connected in-series, the total series capacitance is
C, = CresxCsp
eq Cres+C:2 :

Matching network

|
|
i
|
§ “ : j X acc
|
|
|
|

| acc

FIGURE 6. The final T-shaped matching network for inductive access
impedance.

The final T-shaped matching network, for inductive access
impedance, is shown in Fig. 6. The values of the T-shaped
matching network components are obtained by using the
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following system of equations:

1
CSl = —’
@oRQlefr
Ly x Ly
Y L L ©
pl P2
_ CsZ X Cres
Cog = 22108
Cs2 + Cres

When an inductive VPLN access impedance (Z;.c =
Race + jXacc) and a desired load-Q are known, the T-shaped
matching network can be designed via Egs. (1)-(8). This is
shown in Fig. 6.

2) THE IMPEDANCE MATCHING FOR CAPACITIVE ACCESS
IMPEDANCE

When the VPLN access impedance is capacitive, e.g.,
Zace = Racc-jXace, the imaginary part of the VPLN access
impedance can be represented by the reactance of capacitance
Cuce, as shown in Fig. 7. The value of the capacitance can be
calculated via the expression

1
w0 Xgec ’

Cace = (9)

R, >R, R >R,

Left L-network Right L-network
R

—i— :
| ' !
R'\‘ C.sl : : C\Z L :
: : Cacc _j X ace :
L S D, J
QN Lpl% TR, gl‘/ﬂ R
I
|
|

|

[

|

|"[
|
|

FIGURE 7. Impedance matching for capacitive access impedance.

As shown in Fig.7, the VPLN access impedance can be
represented by a combination of the resistance R, and
capacitance C,... First, we should achieve the real-to-real
impedance matching between R, and R to form a T-shaped
network, which is detailed in Section II-B.

Next, the capacitance C,. should be canceled, i.e.,
removed from the capacitance Cy; in the T-shaped matching
network.

Finally, the T-shaped matching network for capacitive
access impedance is shown in Fig. 8. The figure shows where

the total series capacitance of Cey and Cye. is equal to Cy

. _ CogxCocc
(thatis Cyp = CorFCoc ).

The values of the final T-shaped matching network com-
ponents are calculated by using the following system of
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Matching network

FIGURE 8. The final T-shaped matching network for capacitive access
impedance.

equations:
1
Cp=——,
@oRQlefr
Ly x Ly
L, = IT, (10)
pl p2
C. — Cace X C2
4T Cuee — Cs2”
acc 52

For a given capacitive VPLN access impedance (Z,
= Rucc-jXacc) and a desired load-Q, the T-shaped matching
network is designed by using Egs. (1)-(6) and Egs. (9)-(10).
This is shown in Fig. 8.

C. THE SELECTION OF THE LOAD-Q

As discussed in Section II-B and Section III-B, aside from
knowing the VPLN access impedance (Rg. and Xgcc),
the load-Q is another important parameter used to design a
T-shaped impedance matching network.

1) THE LOAD-Q FOR INDUCTIVE ACCESS IMPEDANCE

In Section II-B, the calculation processes of the T-shaped
matching networks are based on the condition of the “vir-
tual” resistance R,. This quantity must be larger than either
R or Ryec. When the VPLN access impedance is inductive,
for the Ryee > R; case, the R, = (1 + Q%) x Ry must be larger
than R,... Therefore,

0> [~% . (11)

For the R,.c < R, case, the R, = (1 + Q2) X R,cc must be
larger than R;. Therefore,

R

0>
RHCC

~1. (12)

2) THE LOAD-Q FOR CAPACITIVE ACCESS IMPEDANCE

In addition to the condition that R, must be larger than
either Ry or Ryee, Caee > Cy (Cey > 0 in Eq.(10))
should be satisfied as well. Therefore, when the VPLN access
impedance is capacitive, the load-Q for R,., > R and
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Race < Ry cases should be limited by Eq. (13) and Eq. (14),
respectively.

0> Race _1,
R;
Jor Ryee > Ry (13)
0> Xa%cc +Rc%cc —1,
RRyce
0> |8y
> - b
Ry
Jor Rgee < Ry (14)
[Xacel
0>—-m,
Race

The conditions (Egs.(11)-(14)) represent the minimum
load-Q (Qmin) achievable with a T-shaped network impedance
matching. The Eqs. (13)-(14) also represent the limits where
the capacitor C,, =0 and the three-element T-shaped match-
ing network reduces to a two-element L-shaped network. The
Ceq =0 is not allowed because the capacitor C,, is used 1) as
a coupling circuit to block the power waveform and 2) to
prevent the parallel inductor L, from be short-circuited by DC
power waveform from VPLN. From Eqgs. (11)-(14), the load-
Q of a T-shaped matching network is always larger than the
load-Q of an L-shaped network; according to Q = g—ow, for
a given matching frequency fy, the bandwidth of a T-shaped
matching network is narrower than that of an L-shaped
network.

Lumped-element matching is a single-frequency matching
process. When the signal frequency is equal to the matching
frequency of the T-shaped matching network, the impedance
mismatch between VPLC modem and VPLN is compen-
sated by the T-shaped matching network and a maximum
power transfer, or ideal matching, can be achieved. The
impedance of capacitance and inductance in the T-shaped
matching network varies with frequency; when the signal
frequency deviates from the matching frequency, the power
transfer decreases. However, the broader the bandwidth of the
T-shaped matching network, the less the influence that the
network’s impedance fluctuation has on the power transfer.
According to Q = t{—OW, for a given matching frequency fo,
to obtain a large bandwidth of a T-shaped matching network,
a smaller load-Q should be selected.

D. SYSTEM STRUCTURE

In this work, we design a T-shaped adaptive impedance
matching system based on the T-shaped network complex
impedance matching approach (Section III-B). The block
diagram of our adaptive impedance matching system is shown
in Fig. 9. In the diagram, two adaptive impedance matching
systems, at the transmitter-side and receiver-side, consist of
three units: the measurement unit, the control unit, and the
impedance matching unit, which is similar to the structure
presented in [8].
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FIGURE 9. The adaptive impedance matching system for VPLC.
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For our T-shaped adaptive impedance matching sys-
tem, the measurement unit located between the transmitter/
receiver and VPLN measures the real and imaginary
parts of the VPLN access impedance. The control unit
receives the outputs from the measurement unit, and cal-
culates component values according to the resonance- and
absorption-based complex impedance matching approach
detailed in Section III-B. Then, it sends out the corresponding
control signal to the impedance matching unit to determine
the relay (or switch) status and the digital potentiometer
values in the tunable capacitor and the inductor’s equivalent
circuit. The impedance matching unit is a T-shaped network,
which adjusts the relay status and the digital potentiometer
values according to the control signal provided by the control
unit to achieve adaptive impedance matching.

IV. THE T-SHAPED ADAPTIVE IMPEDANCE MATCHING
SYSTEM DESIGN

The T-shaped adaptive impedance-matching system includes
a measurement unit, control unit, and impedance-matching
unit.

The measurement unit measures the access voltage and
current and provides real and imaginary parts (R, and X,¢¢)
of the VPLN access impedance to the control unit for decision
making. Previous scholars have presented impedance mea-
surement circuits composed of a sensing circuit and a detec-
tor [19], [30]. A sensing circuit containing a fixed inductor
and two Operational Amplifiers (Op-Amps) can be used to
provide the access voltage and current of the VPLN for the
detector. The detector receives the outputs from the sensing
circuit, then obtains the real and imaginary parts of the VPLN
access impedance.

A. IMPEDANCE MATCHING UNIT

Figure 10 shows the impedance matching unit structure (T-
shaped network) that can be used for adaptive impedance
matching. As illustrated in Section III-B, the actual com-
ponent values of the T-shaped network can be determined
via Egs. (8) and (10) for inductive access impedance and
capacitive access impedance, respectively.

An ideal T-shaped network, using tunable capacitors and
tunable inductors, is shown in Fig. 10. However, there are
no practical tunable inductors [18]. Furthermore, the limited
tuning range of the available tunable capacitors can not satisfy
the required large capacitor values in the impedance matching
network. As shown in Fig. 11, capacitor arrays with growing
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FIGURE 10. T-shaped impedance matching unit.
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FIGURE 11. Equivalent tunable capacitor and inductor.

factor of 2°~! can be used to achieve equivalent tunable
capacitors. The digital relays (switches), which are controlled
by the microcontroller in the control unit, determine which
capacitors contribute the total values of the capacitor array.
The successive approximation algorithm is applied to deter-
mine the status of the digital relays. Digital relays are used in
the capacitor arrays instead of analog switches, because the
latter have conduction impedance (usually several Ohms to
tens of Ohms) affecting the accuracy of impedance match-
ing in the T-type network. To avoid using bulky passive
inductors, an active inductor, e.g., a General Impedance Con-
verter (GIC [31]), is used as an equivalent tunable inductor.
In addition to the two Op-Amps, the GIC consists of three
resistors (R, R3, and Rs), a digital potentiometer (R4), and a
capacitor (C>) (see Fig. 11). The equivalent tunable inductor
is formed by adjusting the values of the digital potentiometer
(R4) that determines the tuning range of the active inductor.
The equivalent capacitance and inductance can be expressed
as

Ca=) ::":1 KC;  ki=0orl,
R1C2R3Rs
L, = 1203 15
p Ra (15)
Cag = KiCl ki =0o0r1,
l
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where k; and ky represent the relay status, e.g.,
k; = ky = 0 indicates the relays are in the open positions while
ki = ky = 1 indicates the relays are in the closed positions.
C;i=2"1Ciand C} = 2'-1c | are the parallel capacitors in
the equivalent tunable capacitor circuits shown in the Fig. 11.
The values of Cy and C,, can range between 0 ~ (2" — 1)C}
and 0~ (2" — 1)C 1> respectively.

B. CONTROL UNIT

The control unit includes a microcontroller, which uses the
outputs from the measurement unit to calculate the compo-
nents values of the T-shaped network and transmit the control
signal that determines the relay status and the digital poten-
tiometer values in the tunable capacitor and the inductor’s
equivalent circuit.

A smaller load-Q
is selected

c 1 P N 1 1
T 00RQuept” 7 woRQuepe”
_ Ly XLy L

P Ly + Ly

A smaller load-Q
is selected

] )

end

FIGURE 12. Flowchart of the proposed adaptive impedance matching
solution.

The flowchart shown in Fig. 12 describes the steps used to
generate the final components values of the T-shaped adap-
tive impedance matching system for the transmitter-side and
receiver-side matching.

First, the microcontroller receives the outputs from the
measurement unit to obtain the real and imaginary parts (R,¢.
and X,..) of the VPLN access impedance.

Next, the microcontroller determines whether the X,.. is
larger or smaller than zero; this is performed to determine
whether the VPLN access impedance is inductive or capaci-
tive. If X,oc > 0, the VPLN access impedance is inductive,
otherwise the VPLN access impedance is capacitive.

If the VPLN access impedance is inductive (X;..> 0),
the microcontroller calculates C,.s according to Eq. (7).
It then determines whether the R, is larger than the R, or
not. If Ryee > R (or Ryee < Ry), the value scope of load-Q is
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calculated according to Eq. 11 (or Eq. 12). A smaller load-Q
was selected here to create a broadband matching network.
The component values of the T-shaped network for inductive
access impedance can then be calculated via Eq. (8).

Otherwise (X4..< 0), the microcontroller calculates Cy ¢
according to Eq. (9) and determines the value scope of load-Q
via Eq. (13) (or Eq. (14)) for Ryec > R (or Ry < Ry) cases.
A smaller load-Q can then be selected to create a broadband
matching network. The component values of the T-shaped
network for capacitive access impedance can be calculated
by Eq. (10).

Finally, the microcontroller transmits the control signal to
the impedance-matching unit to determine the relay status
and digital potentiometer values in the tunable capacitor and
the inductor’s equivalent circuit; this determines the compo-
nent values of the T-shaped network.

V. SIMULATION RESULTS AND ANALYSIS

To investigate the operation and performance of the
resonance- and absorption-based T-shaped impedance match-
ing network design approach, three types of simulations
were performed. First, two design examples of the T-shaped
matching network were given. The transfer functions of
the designed T-shaped matching networks were measured
under 1 MHz-100 MHz (broadband). The influence of load-Q
on impedance matching performance was investigated. Sec-
ond, we demonstrate the impedance-matching process for
a T-shaped adaptive impedance-matching system. Finally,
T-shaped matching networks were operated under four
sub-frequency bands to investigate the impedance-matching
(power transfer) performance.

A. DESIGN EXAMPLES AND FREQUENCY RESPONSES OF
T-SHAPED MATCHING NETWORKS

For a source impedance of Ry = 50 €2, and a given inductive
access impedance of Z,.. = 75 Q + j25 2, Table 1 lists the
components values (at fo = 1.6 MHz) for various load-Qs.

The frequency responses of the newly-designed T-shaped
networks, for various load-Qs, are shown in Fig. 13. For
Zace = 15 Q+j25 2, according to Eq. (11), the load-Q should
be larger than 0.707 (Quin). As in Fig. 13, the T-shaped
matching network exhibits a high-pass performance and its
bandwidth increases with the reduction of the load-Q. When
the load-Q is close to 0.707, e.g., Q = 1, the T-shaped
matching network has a relatively flat high-pass behavior.
Therefore, to obtain a broader bandwidth of the T-shaped
matching network, a smaller load-Q should be selected.

For a source impedance Ry = 50 €2, and a capacitive access
impedance Z,.. = 30—j60 2, Table 2 lists the component
values (at fy = 1.6 MHz) for different load-Qs. According
to Eq. (14), the load-Q should be greater than 2 (Q,;,). The
transfer functions of the T-shaped matching networks for
different load-Qs are shown in Fig. 14. As in Fig. 14, the
T-shaped matching network’s bandwidth also increases with
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TABLE 1. Component values for different load-Qs (Zgcc = 75 2+j25 ).

T Load-Qs Component
values
C51=199.04pF
10 L,=27.70uH

Cleq=156.52pF

C1=398.09pF
5 L,=14.31uH
Coq=303.32pF
Zace=T5 0425 Q2
Cs1=995.22pF
2 L,=7.05uH
Cg=713.09pF

Cs1=1.99nF
1 L,=6.31uH
Cleq=1.46nF
5 H
10 /
g ~
2 —a— Q=10]]
>3 AN Q=5
20 —— Q=2 |1
—o— Q=1
-25
-30
-35
0 16 5 10 15 20 25 30

Frequency(MHz)

FIGURE 13. The frequency responses for Zgcc = 75 2 +j25 Q.

TABLE 2. Component values for different load-Qs (Zgcc = 30 2—j60 ).

T Load-Qs Component
values
Cs1=257.83pF
10 L,=17.02uH

Cloq=414.68pF

C.1=322.89pF
8 L,=13.70uH
Cleq=552.90pF
Z0ee=30 Q-j60 Q2
C41=520.92pF

5 L,=8.80uH
Ceq=1.11nF
Csl=] .09nF

2.5 L,=5.0uH
Clq=6.630F

the reduction of the load-Q. We observe that the T-shaped
matching network exhibits an overall flat high-pass behavior,
in most cases, when the load-Q is near 2.
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FIGURE 14. The frequency responses for Zgcc = 30 2—j60 .

B. THE IMPEDANCE MATCHING PROCESS OF THE
T-SHAPED ADAPTIVE IMPEDANCE MATCHING SYSTEM
The channel characteristics of VPLC systems have been
investigated in [4], [29], where the access impedance was
measured under narrowband (0-500kHz) and broadband
(1 MHz-100 MHz) conditions for different vehicles. Form the
measurement results, the narrowband transmission system
cannot provide reliable connectivity to the VPLC due to
the prominent and severe noise interference at low frequen-
cies. Therefore, to evaluate the performance of our adaptive
impedance matching system effectively, the simulations were
conducted under broadband (1 MHz-100 MHz) conditions.

TABLE 3. Average VPLN access impedance for four frequency bands.

Bands MHz) f.(MHz) Average impedance (£2)
7.5-12.5 10 104520
25-35 30 20+ 25
40-60 50 40+j 40
65-95 80 75+j 30

As measured in [3] and [32] (and summarized in [8]),
the real part of VPLN access impedance ranges from 0 2
to 250 €2, while the imaginary part ranges from —175Q
to 150 Q2. Table 3 lists the center frequencies (f.) and the
average VPLN access impedance values for four frequency
bands. A T-shaped adaptive matching system was designed at
10 MHz (matching frequency) to demonstrate the impedance
matching process for Z,.. = 10 2+j20 €.

The impedance-matching process for a T-shaped network
is demonstrated in Fig. 15 using a Smith Chart. In this chart,
the access impedances as-illustrated abide by the param-
eters listed in Table3. The modem (transmitter/receiver)
impedance, located at the center of the Smith Chart, is 50 €2.
The four curves (with arrowheads) indicate the complex
impedance-matching procedure for Z,.. = 10 2420 Q2. The
first negative movement (red curve marked by arrowhead)
on the constant resistance circle indicates a series resonant
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FIGURE 16. The instantaneous voltage of Zgcc (Zacc = 102+j202 and
fc = 10 MHz).

capacitance (Cyes), which transforms the complex access
impedance (10 2420 2) to a real-valued impedance (10 €2).
The other three green curves with arrowheads (Cs2, L, and
Cy1) represent the real-to-real impedance-matching process
shown in Section II-B. The first and second curves with
arrowheads (Cys and Cy) can be combined into one curve
that reflects the series capacitance (C,qy = %) in the
T-shaped matching network.

Figure 16 exhibits the instantaneous voltage of Z,., =
10+j20 2 for transmitter-side matching. The voltage and
internal impedance of the source were set to 1.414 Vpeu
and 50 €2 in this simulation, respectively. The T-shaped adap-
tive impedance-matching system was operated at 10 MHz
(matching frequency). An 8-bit microcontroller with a lower
processing speed was selected for simulation to demonstrate
the response time (delay) of the control unit. As shown
in Fig. 16, the instantaneous voltage of Z,.. increases after
20.0035 ms. This indicates that the T-shaped adaptive
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impedance-matching system adjusts the component values of
the matching network and achieves the impedance matching
between the source and the Z,.., thus improving the instanta-
neous voltage (power) from the source to the VPLN.

C. THE PERFORMANCE OF THE T-SHAPED MATCHING
NETWORK

Table 3 shows the center frequencies (f;) and the average
VPLN access impedance values for four frequency bands.
Our T-shaped matching networks were designed at f, (match-
ing frequency) to investigate the impedance matching perfor-
mance (power transfer) under four frequency bands.

L DO
0000000000

(v:‘,% e

el el

GEEED

=— 100 +j20Q) T-shaped
100 +j20Q) L-shaped

====10Q+j20Q), without
- =0 200)+j25Q) T-shaped
200 +j25Q) L-shaped

=©==200)+/25Q), without
=t 40() +j40Q) T-shaped
400)+j40Q) L-shaped

==k==400) +j40Q) without
=—@— 75()+j30Q) T-shaped
75Q+j30Q) L-shaped

=== 7503 +j30Q) without

P_[dBm]
E

10 20 30 40 50 60 70 80 920 100
Frequency(MHz)

FIGURE 17. Performance for the transmitter-side matching.

1) TRANSMITTER-SIDE MATCHING

For the transmitter-side matching, the voltage and inter-
nal impedance of the source were set to 1.414 V).q and
50 €2, respectively. The average VPLN access impedances
for four frequency bands were specified in Table 3. Accord-
ing to Eq. (11) (Rucc>Ry) or Eq. (12) (Ryec<Ry), a minimum
load-Q (Qpin) of the T-shaped network can be calculated
in every frequency band. To obtain a broader bandwidth
of the T-shaped matching network, the smaller load-Q =
Omin+ 0.1 is selected. The T-shaped matching network was
designed according to the resonance- and absorption-based
complex impedance-matching approach that was illustrated
in Section III-B. The T-shaped matching network deployed
between the transmitter (source) and the VPLN access
impedances, is operated at f. for four frequency bands,
respectively. When the signal frequency ranges between
1 MHz and 100 MHz, the active power (Pr) that was trans-
ferred from the source into the VPLN is measured. The
comparative active power performance can be converted to
the dBm scale by using the following formula

PldBm] = 10logo(

lmW)' (16)
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Figure 17 shows the comparative active power perfor-
mance for various average access impedances. In the sim-
ulation, the average VPLN access impedance was set as
a constant in every frequency band. Therefore, the power
performance of the system without matching network is fre-
quency independent. Our T-shaped matching network was
designed at 10 MHz, 30 MHz, 50 MHz and 80 MHz for each
of the respective four frequency bands (parameters specified
in Table 3). As illustrated in Fig. 17, when the signal fre-
quency is equal to the matching frequency of the T-shaped
network, a maximum power transfer (perfect matching) can
be achieved. Our T-shaped matching network obtains approx-
imately 3dB, 1.4dB, 0.9dB, and 0.4dB for the frequen-
cies of 10MHz, 30 MHz, 50 MHz, and 80 MHz, respec-
tively. Furthermore, even when the signal frequency devi-
ates from the matching frequency, significant signal-power
improvements are still achieved by comparing it to the
transmission without the matching network. Fig.17 also
shows a performance comparison between the T-shaped
and L-shaped matchingnetworks. As shown in Fig. 17, the
T-shaped matching network exhibits sensitivity to frequen-
cies (narrow bandwidths) in the lower frequency bands, that is
because, according to the expression Q = g—OW, the bandwidth
(BW) of the T-shaped matching network is proportional to the
matching frequency (fp) for a certain load-Q. The load-Q of
a T-shaped matching network is always larger than that of an
L-shaped network (see Section III-C), so the bandwidths of
the T-shaped matching networks are narrower than those of
the L-shaped matching networks. However, this is acceptable
for simple circuit structure and control logic for impedance
adaptation.

= 10Q+j20Q), T-shaped
100+j20Q, L-shaped

====10Q+j20Q), WithOUt  jujefucs g sl

=8 200)+j25Q), T-shaped

3 200 +j25¢Q), L-shaped

=©==200+j25Q), without -

== 40()+/40Q), T-shaped
400+j40Qy, L-shaped

=== 4002 +j40Q), without

== 750)+j30Q), T-shaped
750430, L-shaped

=== 750+j300), without

T T

P, [dBm]
£

Llad oo s dl oo 2]

0 10 20 30 40 50 60 70 80 90 100
Frequency(MHz)

FIGURE 18. Performance for the receiver-side matching.

2) RECEIVER-SIDE MATCHING

The second set of the simulations was made for the
receiver-side matching, the V; and Z; were also set to
1.414 Vyeqr and 50 €2, respectively. The input impedance of
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the receiver was set to 50 2. The VPLN access impedances
(Zaece) for the four frequency bands are shown in Table 3.
In every frequency band, load-Q = Qi +0.1 was imposed on
the T-shaped network with a large bandwidth. The designed
T-shaped matching network deployed between the VPLN
and receiver, was operated at f,, and the active power (Pg)
extracted from the VPLN into the receiver was measured and
converted to the dBm scale using Eq. (16).

The active power performance of the four frequency bands
for the receiver-side matching is shown in Fig. 18. As shown
in Fig. 18, our T-shaped matching network exhibits a fairly
flat in-band behavior, which shows almost the same excellent
impedance matching performance as the L-shaped match-
ing network. Even when the signal frequency deviates from
the operating frequency (matching frequency), our T-shaped
matching network also significantly improves the signal
power transfer over a wide range of values around the operat-
ing frequency. There are approximate gains of 0.2 dB, 0.3 dB,
0.7 dB, and 1.0 dB, respectively, for the four frequency bands.

VI. CONCLUSION

In this paper, a T-shaped adaptive impedance matching sys-
tem was designed; the system includes a measurement unit,
control unit and impedance matching unit. The details about
the T-shaped adaptive matching system were presented, and
the performance of the system, under various power line con-
ditions, was evaluated via simulations. The results demon-
strate that the T-shaped adaptive impedance matching system
can significantly improve signal power transfer.

To investigate the influence of insertion loss on the
impedance matching network, the next phase of our research
will investigate parasitic-aware three-element impedance
matching networks.
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