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Abstract— Accurate power line channel models are an es-
sential asset for the development of advanced power line
communication systems. A physically based power line
communication channel model is derived. Elements within
a power line network, e.g. line discontinuities, branches,
and loads, are modelled as IIR-filters. The transfer function
of the overall channel is calculated by concatenating the
transfer functions of the individual elements. In a second
step time variation is modelled through impedance changes
of network loads. It is shown that wide band load impedance
measurements over the period of an AC mains-cycle can be
easily integrated to deliver a deterministic cyclostationary
power line channel model.

Index Terms— Cyclostationarity, impedance change, infi-
nite impulse response, power line channel modelling, load
impedance, transmission line

I. INTRODUCTION

Since the late 90s an increased effort has been put
into the characterization of power line communication
(PLC) channels with the aim of designing communication
systems that use the electric power distribution grid as
data transmission medium. Reliable 200 Mb/s power line
communication systems, for Home Networking, IPTV
Distribution, Smart Grid and Smart Building applications,
are now a reality. Next generation equipment will provide
data rates in excess of 400 Mb/s. To support the develop-
ment of future generation power line technology, accurate
power line channel models are an essential asset.

In terms of power line channel modelling one can
distinguish between physical and parametric models.
Parametric models use a high level of abstraction, and
describe the channel, for example, through its impulse
response characteristics [1]–[3]. Hence, parametric mod-
els usually provide a high level of understanding and are
especially well suited for stochastic simulations. On the
other hand, physical models describe the electric proper-
ties of a transmission line, e.g. through the specification of
cable parameters, cable length, the position of branches,
etc. [4]–[7]. Physical models are therefore especially
well suited to represent and test deterministic power line
situations. They can, for example, be used to test the
effect of a specific load on the power line communication
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channel and will be at the center of attention throughout
this article.

Most physical models are based on representing power
line elements and connected loads in form of their ABCD
or S-parameters [8], which are subsequently intercon-
nected to produce the channel’s frequency response [4]–
[7]. Alternatively, [9] introduced power line elements as
well as connected loads as infinite impulse response (IIR)
filters, which is a novel and still intuitive approach if one
considers that a communication signal travels in form of
an electromagnetic wave over the PLC channel and may
bounce an infinite amount of times between neighbouring
line discontinuities.

This article expands on the results from [9], providing
in Section II a particularly visual explanation of the
relationship between power line channels and the IIR-
filter description.

Section III provides derivations of primary power line
IIR-filter elements, which are the building blocks of the
novel power line description. It further outlines how to
concatenate these elements to form complex power line
networks. Finally, it depicts a strategy how the new IIR-
filter description can be implemented into a software
tool that automatically generates the overall power line
channel filter.

To validate the approach, in Section IV deterministic
time invariant power line networks are simulated and their
frequency and impulse responses are compared against
PSpice simulations.

Although many early PLC channel characterisations
concluded that the channel could be regarded as stationary
Cañete et al. were able to show that the indoor channel
changes in a cyclostationary manner [10]. This variation
is often due to load impedance changes. To introduce time
variation into the model, Section V presents measurement
results of a time variant halogen lamp impedance and
outlines how impedance measurements in general can be
easily integrated into the IIR-filter approach.

Using the outlined time variation strategy, Section VI
presents dynamic power line channel simulation results.

II. IIR-FILTER REPRESENTATION

Consider the open stub line example in Fig. 1 adapted
from [1]. An impedance matched transmitter is placed at
A. An impedance matched receiver is placed at C. Hence,
in this simple example there is no need to bother about
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Figure 1. Stub line example c© 2008 IEEE.

impedance discontinuities at the input and the output
of the network. D represents a 70 Ω parallel load. B
marks the point of an electrical T-junction. lx and Zx

represent the line lengths and characteristic impedances.
txy indicates the transmission and rxy the reflection co-
efficient encountered at impedance discontinuities whose
dependencies on the characteristic impedances are derived
in [8]. Generally, at an impedance discontinuity from Za

to Zb the reflection and transmission coefficients are given
by

rab =
Zb − Za

Zb + Za
, (1)

and

tab = 1 + rab . (2)

Specifically for the situation in Fig. 1 r1B is given by

r1B =
(Z2 ‖ Z3) − Z1

(Z2 ‖ Z3) + Z1
, (3)

where (Z2 ‖ Z3) represents the impedance of Z2 and Z3

when connected in parallel.
A power line communication signal travels in form of a

direct wave from A over B to C as displayed in Fig. 3 (a).
Another wave travels from A over B to D, bounces back
to B and reaches C, as depicted in Fig. 3 (b). All further
waves travel from A to B, and undergo multiple bounces
between B and D before they finally reach C, Fig. 3 (c).
The number of bounces between B and D is infinite,
motivating the idea that an infinite impulse response
filter may be used to represent the power line network.
Considering the reflection and transmission coefficients
as gains, and considering ideal transmission lines whose
length relates only to a time delay, the simple stub line
example may be transformed into IIR-filter elements as
displayed in Fig. 3 (d) to (f), where the boxes represent
delays and the triangles represent filter coefficients.

The complete filter obtained for the stub line example
is displayed in Fig. 2 in its more conventional canonical
form. A time discrete representation is considered. The
smallest time step Ts relates to the system’s sampling
frequency via fs = 1

Ts
. Thus, every line length relates to

a delay which, measured in samples, can be expressed as

Ndelay,x =
delayx

Ts

=
lx

Ts · vx

, (4)

where lx and vx represent the length and the wave speed
of line x respectively. The filter from Fig. 2 may then
be expressed through its z-transfer function where a time
delay is given as z−Round{ lx

Ts·vx
}. Round { · } stands

for rounding to the nearest integer. Instead of using this
lengthy notation, the z-transform of the time delay caused
by line length lx is denoted z−lx . The z-transfer functions
of the subfilter blocks marked in Fig. 2 as Ha, Hb, and
Hc are

Ha = t1B · z−l1 , (5)

Hb = 1 +
t3B · r3D · z−2·l3

1 − r3B · r3D · z−2·l3 , (6)

Hc = z−l2 . (7)

The overall z-transfer function of the stub line example is
obtained through the concatenation of the three subfilter
blocks

H = Ha · Hb · Hc

= t1B · z−l1

·
(

1 +
t3B · r3D · z−2l3

1 − r3B · r3D · z−2l3

)
· z−l2

=
t1B · z−(l1+l2)

1 − r3B · r3D · z−2l3

+
(t3B − r3B) · r3D · t1B · z−(l1+l2+2l3)

1 − r3B · r3D · z−2l3

. (8)

The derived H is the through-forward filter of the stub
line from input A to output B. In the following all
through-forward filters are denoted Hf .

III. MODELLING COMPLEX POWER LINE NETWORKS

Usually power line networks consist of significantly
more complex structures than that presented in the stub
line example. Often electrical grids show multiple paral-
lel impedance terminations, wire divisions into multiple
lines, as well as serial impedances. Nevertheless, using a
divide and conquer strategy it is possible to break up any
complex network into smaller elements, which are from

Figure 2. IIR-filter representation of stub line example.
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Figure 3. Relationship of wave propagation and filter elements in the stub line example.

now on referred to as primary elements. The IIR-filter
characteristics of these elements are derived individually.
Afterwards, standard filter concatenation rules are applied
to obtain the filter characteristics of the entire network.
Such approach also lends itself to be implemented in
a software tool that, once provided with a network de-
scription on the basis of the primary elements, passes
automatically from any point in the network to any other
point and calculates the IIR filter of the corresponding
power line channel.

A. Primary Elements
In contrast to the initial stub line example, one may

not generally assume that input and output impedances
of the primary elements are matched. Hence, it is not
sufficient to describe each primary element only using
its through-forward filter Hf . Additionally, a filter that
describes wave propagation into the input port and then
the reflection back out of it is needed. It is denoted H̃b and
will from now on be referred to as reflection-backward
filter. Further, a filter that describes wave propagation
into the output port and the reflection back out of it
is denoted H̃f and it is called reflection-forward filter.
Finally, the backward filter describing wave propagation
into the output port and out of the input port is denoted

Hb and it is named through-backward filter. All four filter
definitions are depicted in Fig. 4.

Using the same inspection technique as in the stub
line example, that is, IIR-filter representation based on
coefficients and time delays, all four filters are obtained
for primary power line elements such as a lossless line,
a lossy line, an impedance discontinuity, a T-junction,
a star-junction, as well as a general load. The corre-
sponding transfer functions are summarised in Fig. 5,
and a short explanation of each element is found in the
following:

Lossless line: In a lossless line, wave energy is directly
transferred from its input to its output and vice-versa
without any internal bounce or attenuation. Therefore the
wave only undergoes a given delay depending on the

Figure 4. Through and reflection filter definitions c© 2008 IEEE.
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Figure 5. Summary of the transfer functions of primary power line elements.

line length l. This delay is represented in its z-transform
approximation as z−l, see Fig. 5 (a).

Lossy line: As for the lossless line, in the lossy line,
wave energy is transferred from its input to its output and
vice-versa without any internal bounce. However, in this
case, the wave energy will undergo attenuation and delay
depending on the line characteristics. Let Hatt represent
the z-transform of a filter that provides the frequency-
dependent line attenuation. Let l represent the lossy line
length. Then, the equations for the lossy line writes as in
Fig. 5 (b).

Impedance discontinuity: An impedance discontinuity
is found every time that the characteristic impedance of
the line changes abruptly. This can happen in the joints
between two wires with different properties (material,
width, etc.). In contrary to the lossless and the lossy
lines, the impedance discontinuity is assumed to have zero
length and does henceforth not present any delay. Let
Z1 and Z2 represent the characteristic impedances at the
two sides of a discontinuity. The reflection and through
filters of the impedance discontinuity correspond to those
of the reflection and transmission coefficients of (1) and

(2) whose derivations may be found in [8], see Fig. 5 (c).
T-junction: A T-junction was already indirectly de-

scribed in the stub line example. That is, the connection
of three lines in a single point (point B in the stub line
example), however, assuming a fictitious zero length of
the wires. It is possible to define one port as the input port
(port A in the previous stub line example), another one
is defined as the output port (port C in the previous stub
line example) and, finally, the third one can be considered
as a loaded port (port D from the previous stub line
example) whose reflection-backward filter is denoted by
H̃bD. Therefore, a wave advancing in the direction of port
D experiences the filter H̃bD. Let txy and rxy represent
the transmission and reflection coefficients as they were
defined in (1) and (2). Then the equations for the T-
junction write as in Fig. 5 (d).

Star-junction: The star-junction is one of the most
complicated of the presented primary elements. It can
be defined as the connection of N + 2 lines in a centre
point, denoted Cen. It is again assumed that the line
lengths equal zero. One port of the star is designated
as input in, another as output out. Every line has its
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own characteristic impedance Zx with x ∈ [1, . . . N ] and
Zin, Zout. A wave advancing in the direction of port
x experiences the corresponding H̃bx. The through and
reflection-filters from port in to out are based on the
following definitions: tx, tin, tout, as well as rx, rin, rout

are the transmission and reflection coefficients for a wave
travelling from line x, in, or out into the junction. The
impedance mismatch experienced by the wave is between
its current line impedance and the parallel impedance of
the remaining N + 1 lines. The equations for the Star-
junction then write as in Fig. 5 (e) where

H̃
′′
bx =

H̃
′
bx

1 −
(
1 + H̃

′
bx

)
·

N∑
i = 1
i �= x

H̃
′
bi

1+H̃
′
bi

, (9)

and where H̃
′
bx is given by

H̃
′
bx =

tx · H̃bx

1 − rx · H̃bx

. (10)

Detailed derivations can be found in the Appendix.
General load: The power line network may contain

serial and parallel loads. Examples are circuit breakers or
connected devices such as a halogen lamp respectively.
Generally, loads are well represented by a two port
element. Each port is characterised by the impedance of
the load at the given port ZdeviceX and by the impedance
of the line that the port is connected to, denoted Zx.
Through-filters and reflection-filters of a load are obtained
from the equations for the transmission and reflection
coefficients and are summarised in Fig. 5 (f).

The general load primary element can also be used to
model transmission and reception power line modems, as
well as termination loads. In the special cases of a transmit
modem the through-backward filter and the reflection-
backward filter become zero. In the special case of a
reception modem or in case of a termination load, the
through-backward filter and the reflection-forward filter
become zero.

Note that for simplicity, up till now impedances have
been assumed to be frequency independent. However, in
reality, an impedance can be a complex element that
may vary over frequency. To capture this effect every
impedance Z could be replaced by its z-transform filter
representation.

B. Complex Network Construction

After having defined the primary elements, a com-
plex network is constructed by concatenation of their z-
transfer functions. Concatenation follows the rules for
filter concatenation in cascade and parallel form [11].
Fig. 6 shows the concatenation processes, indexing the
transfer functions of any two elements with the subscripts
1 and 2 . The resulting transfer functions carries the joint
subscript 1,2 . Concatenation of more than two elements
is achieved by iterative application of the concatenation
rules.

C. Automatic Power Line Network Passing

There are numerous ways how to implement the pri-
mary element description from Fig. 5 and the concatena-
tion rules from Fig. 6 into a channel simulation software
tool. The following points out one possible strategy with
the help of the stub line example.

The network description of the stub line example is
cast into a net matrix that is easily understood by off the
shelf software like Matlab, i.e.

netMat =

⎡
⎢⎢⎣

1 1 0 0
1 1 1 1
0 1 1 0
0 1 0 1

⎤
⎥⎥⎦ , (11)

where rows and columns correspond to the nodes A,
B, C, and D. Retrieving, for example, every ’1’ in the
first column indicates the connections to node A. In the
presented example node A is connected to node B, and to
itself. All ’1’s in the second column show that node B is
connected to node A, C, D, and to itself. The connections
of node C and D can be found in a similar manner looking
up the ’1’s in the third and fourth column respectively.

Connections between nodes are established through
wires of length lx which can be cast into a length matrix,
i.e.

lengthMat =

⎡
⎢⎢⎣

NaN 10 NaN NaN
10 NaN 20 30

NaN 20 NaN NaN
NaN 30 NaN NaN

⎤
⎥⎥⎦ .

(12)
For example, reading the first column of the line length
matrix indicates that the line between node A and node B
is 10 m long. The ’NaN’ entries indicate that a line length
specification does not exist. Similar matrix structures are
used to specify further parameters of the lines, such as
the characteristic impedances.

While the line length matrix did not make use of the
main diagonal, loads are connected directly at a node. The
diagonal load matrix for the stub line example is

loadMat = diag
{

[ ] [ ] [ ] loadD

}
, (13)

where diag { } puts its elements on the diagonal. Loads
have to be predefined and stored in a load database. The
empty entries [ ] indicate that there is no load connected.

Feeding all these parameters into a custom Matlab
code, the IIR-filter representation of the stub line exam-
ple is automatically calculated. To do so, the program
determines the direct path between the input and output
ports, that is, the shortest path measured in node count.
In the stub line example, the direct path is given by the
concatenation of nodes A, B, and C.

In a second step all paths that branch off from the
direct path are identified. Their effect on the overall
transfer function is captured by iteratively applying the
concatenation rules over the possible branches. In the
stub line example the branch towards node D needs to be
”collapsed” into node B. This action provides what has
been labelled in the T-junction description of Fig. 5 (d) as
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Figure 6. Concatenation of two elements.
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Figure 7. Complex power line network example c© 2008 IEEE.

H̃bD. To use the the concatenation rules defined in Fig. 6
the lossless line of length l3 is associated with element 1.
Further, load D is associated with element 2. H̃bD is then
obtained through application of the equation in Fig. 6 (d)

H̃bD = H̃b1,2

= 0 +
z−l3 · r3D · z−l3

1 − 0 · r3D

= r3D · z−2l3

, (14)

where it is used that the reflection-backward filter of
element 1, i.e. H̃b1 is zero.

In more complex networks iterative application of the
concatenation rules from Fig. 6 is required to collapse all
branch effects onto the direct path.

The final step is to role up the network from the receiver
towards the transmitter, ”collapsing” step by step the
filters on the direct path into a single filter. In the stub line
example, three elements have to be collapsed to obtain the
overall transfer function. (i) The lossless line of length l1
which will be indexed with α. (ii) The T-junction located
at node B that already includes the effect of the branch
towards D which will be indexed with β. (iii) The lossless
line of length l2 which will be indexed by γ.

The calculation of the through-forward filter for the
concatenation of element β with element γ is given by
the equation in Fig. 6 (b). Taking into account (14) and
that the reflection-backwards filter for a lossless line is
zero, it writes

Hf β,γ

∣∣∣H̃bγ=0 = Hf β · Hf γ

=
t1B + (t3B − r3B) · t1B · r3D · z−2l3

1 − r3D · z−2l3 · r3B
· z−l2

. (15)

Finally, the resulting filter is calculated by the con-
catenation of α with the previous joint element β, γ.

Figure 8. Time variation by switching through different linear time
invariant filters.

Taking into account that the reflection-forward filter for
the lossless line is zero it writes

Hf α,β,γ

∣∣∣H̃f1=0 = Hf α · Hf β,γ

= z−l1 · t1B + (t3B − r3B) · t1B · r3D · z−2l3

1 − r3D · z−2l3 · r3B
· z−l2

,

(16)

which is equivalent to (8).
Propagation scenarios can either be defined in a deter-

ministic or a stochastic manner. The stochastic represen-
tation of a scenario can be achieved by the generation of
the net, length and load matrices following given distri-
bution probabilities. Besides, in multi modem scenarios,
where several input and output ports are defined, most
of the subcalculation results can be reused to obtain the
overall transfer functions for every input output pair, thus
reducing the computational effort.

IV. STATIC IIR-FILTER MODEL VALIDATION

Consider the simple stub line example from Fig. 1 as
well as a more complex power line network example
displayed in Fig. 7. To validate the IIR-filter based mod-
elling strategy, IIR-filter and PSpice implementations of
the networks have been obtained using common resistors,
voltage source and transmission lines provided in PSpice
libraries. The PSpice frequency transfer function was ob-
tained with an AC-Sweep, while the impulse response was
obtained by exciting with a voltage impulse that approxi-
mates a delta function. As it does not reassemble an ideal
delta with unit energy the PSpice impulse response was
afterwards power normalised. The corresponding results
are compared in Fig. 10. It can be seen that a good match
is obtained in all cases which underlines the validity of
the IIR-filter approach.

V. DYNAMIC IIR-FILTER MODELS BASED ON LOAD
REFLECTION COEFFICIENT MEASUREMENTS

Till now the aspect of time dynamics has been ne-
glected. However, loads, such as a halogen lamp con-
nected to the electrical grid, change their input impedance
synchronously as a function of the AC-mains cycle,
causing cyclostationary repetitions [10], [12], [13]. To

Figure 9. Wideband halogen lamp reflection coefficient measurements
during three different points in an AC mains-cycle c© 2008 IEEE.
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Figure 10. IIR-based and PSpice based frequency and impulse response of (a) the stub line example, (b) the complex network example c© 2008
IEEE.

capture such dynamics the IIR-filter based model cycli-
cally switches between different IIR-filter representations
as indicated in Fig. 8. This is usually considered a valid
approximation as long as the impulse response length is
by several orders of magnitude smaller than the channel’s
coherence time [14]. The channel coherence time lies
in the order of ms [15]. However, when modelling the
channel with IIR-filters the impulse response is infinite.
Nevertheless, as seen in Fig. 10, and as confirmed for
typical power line networks in [1], [2], the impulse
response power tends to zero within µs so that the same
slow variation hypothesis as in [14] applies.

The following presents in form of an example how
wideband time variant load reflection coefficient mea-
surements may be integrated into the overall modelling
framework. More specifically, wideband measurements of
the reflection coefficient of a halogen lamp are obtained
using a network analyser. Fig. 9 displays the measured
reflection coefficient at three example timings, i.e. at
3.5 ms, 7 ms and 14 ms. The measured coefficients are
approximated with IIR-filters using standard digital filter
design software tools. The so obtained approximated
reflection coefficients are also plotted in Fig. 9. In general
the time resolution that can be simulated depends on
the time resolution used to measure and approximate the
loads and might be chosen higher than in the selected
example.

Denote the measured reflection coefficient as
Γmeasured and its approximated z-transfer function
as Γapprox. Further, denote the network analyser

characteristic reference impedance as Z0. The frequency
dependent input impedance of the measured load may
then be obtained as [8]

Zin = Z0 · 1 − Γapprox

1 + Γapprox
. (17)

This impedance corresponds to ZdeviceX in the general
load equations from Fig. 5 (f).

Once the primary element z-transfer function descrip-
tion of the load has been obtained with the desired
time step granularity it can be readily integrated into
the overall filter description using the concatenation rules
from Fig. 6.

VI. TIME VARIANT SIMULATION RESULTS

The power line network from Fig. 1 has been simulated
connecting the halogen lamp at point D. Three realisations
of the corresponding frequency response are displayed in
Fig. 11 (a).

Similarly, the halogen lamp has been connected in the
complex power line network from Fig. 7 at the point
labelled ’100Ω or variant’. The corresponding frequency
response is presented in Fig. 11 (b).

Both results indicate that only a single halogen lamp
can already cause significant temporal variation of the
power line channel.

VII. CONCLUSIONS

A physically based IIR-filter representation of power
line channels has been introduced as an alternative to
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Figure 11. Time variant frequency response for (a) the stub line example and (b) the complex network example c© 2008 IEEE.

more traditional ABCD or S-parameter formulations. Us-
ing this IIR-filter approach measured wide band time
variant loads can easily be integrated into the channel
modelling process. The proposed IIR-filter representation
has been validated against PSpice simulations. It was
shown that physically based deterministic models of the
power line channel can be obtained that are able to
model cyclostationary power line channel variations. The
addition of random processes for network generation and
load placement would further permit a stochastic channel
model extension.
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APPENDIX

The following derives the z-transform filters that rep-
resent the Star-junction. In Section III-A the star-junction
was defined as the connection of N + 2 lines in a centre
point, denoted Cen. It is assumed that the line lengths are
zero. One port of the star is designated as input in, another
one as output out. Zx with x ∈ [1, . . . N ] and Zin, Zout

represent the characteristic impedance of the lines. H̃bx

represents the reflection-backwards filter experienced by
a wave advancing in the direction of port x. tx, tin, tout,
rx, rin and rout represent the transmission and reflection
coefficients experienced by a wave travelling from line x,
in, or out into the junction.

The through-forward filter of the star-junction is rep-
resented by the sketch in Fig. 12 (a). It can be seen that
the waves that leave each branch are either transmitted to
the output or they are reflected into another branch. The
labels Jx in Fig. 12 (a) mark the points where this effect
occurs. Replacing in Fig. 12 (a) the inner filters with

H̃
′
bx =

tx · H̃bx

1 − rx · H̃bx

, x ∈ [1, N ] , (18)

and labelling as J0 the input to the filters the filter in
Fig. 12 (b) is obtained.

It is then possible to construct the following system of
N equations

J1 = (J0 + J2 + J3 + ... + JN ) · H̃ ′
b1 , (19)

J2 = (J0 + J1 + J3 + ... + JN ) · H̃ ′
b2 , (20)

up to

JN = (J0 + J1 + J2 + ... + JN−1) · H̃ ′
bN . (21)

Multiplying (19) by H̃
′
b2 and (20) by H̃

′
b1 it is possible

to define J2 in terms of J1, i.e.

J1 · H̃ ′
b2 = (J0 + J2 + ... + JN ) · H̃ ′

b1 · H̃
′
b2 , (22)

J2 · H̃ ′
b1 = (J0 + J1 + ... + JN ) · H̃ ′

b2 · H̃
′
b1 , (23)

J1 · H̃ ′
b2 − J2 · H̃ ′

b1 = (J2 − J1) · H̃ ′
b1 · H̃

′
b2 , (24)

J2 = J1 ·
(
1 + H̃ ′

b1

)
· H̃ ′

b2(
1 + H̃ ′

b2

)
· H̃ ′

b1

. (25)

Similar steps are applied to the rest of the N−2 equations
in order to obtain each Jx in terms of J1. This is

Jx = J1 ·
(
1 + H̃

′
b1

)
· H̃ ′

bx(
1 + H̃

′
bx

)
· H̃ ′

b1

, x ∈ [2, N ] . (26)

Replacing in (19) the Jx with the definition in (26)
delivers

J1 =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

J0

+ J1 ·
(
1 + H̃

′
b1

)
· H̃ ′

b2(
1 + H̃

′
b2

)
· H̃ ′

b1

+ J1 ·
(
1 + H̃

′
b1

)
· H̃ ′

b3(
1 + H̃

′
b3

)
· H̃ ′

b1

+ ...

+ J1 ·
(
1 + H̃

′
b1

)
· H̃ ′

bN(
1 + H̃

′
bN

)
· H̃ ′

b1

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

· H̃ ′
b1 . (27)
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Figure 12. Star-junction (a) IIR through-forward filter. (b) Simplification
of the IIR through-forward filter. (c) Rearrangement of the IIR through-
forward filter. (d) Reflection-backwards filter.

Denote H̃
′′
b1 as transfer function from input J0 to the

output J1. Reordering (27) the transfer function writes

H̃
′′
b1 =

J1

J0

=
H̃

′
b1

1 − (1+H̃
′
b1)·H̃

′
b2

1+H̃
′
b2

− (1+H̃
′
b1)·H̃

′
b3

1+H̃
′
b3

− . . . − (1+H̃
′
b1)·H̃

′
bN

1+H̃
′
bN

=
H̃

′
b1 ·

N∏
i=2

(
1 + H̃

′
bi

)
N∏

i=2

(
1 + H̃

′
bi

)
−
(

N∏
i=1

(
1 + H̃

′
bi

))
·
(

N∑
i=2

H̃
′
bi

1+H̃
′
bi

)

=
H̃

′
b1

1 −
(
1 + H̃

′
b1

)
·
(

N∑
i=2

H̃
′
bi

1+H̃
′
bi

)

(28)

The same process can be followed for the rest of
the filters in Fig. 12 (b). The general transfer function
equation then writes

H̃
′′
bx =

Jx

J0

=
H̃

′
bx

1 −
(
1 + H̃

′
bx

)
·

⎛
⎜⎜⎜⎜⎝

N∑
i = 1
i �= x

H̃
′
bi

1+H̃
′
bi

⎞
⎟⎟⎟⎟⎠

, x ∈ [1, N ]
.

(29)

Using this result the filters from Fig. 12 (b) are converted
into the ones of Fig. 12 (c) from which the through-
forward filter of the star-junction can be readily obtained
as

Hf = tin ·
(

1 +
N∑

i=1

H̃
′′
bi

)
. (30)

The reflection-backward filter can be derived in the
same way. This time, the filter is sketched in Fig. 12 (d).
Following similar procedures as in the through-forward
filter the reflection-backward filter is obtained as

H̃b = rin + tin ·
N∑

i=1

H̃
′′
bi . (31)

The expressions in (30) and (31) correspond to the
through-forward filter and reflection-backwards filter of
the star-junction in Fig. 5 (e). The through-backwards
filter and the reflection-forward filter are obtained as a
mirror image.
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