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Abstract – De-embedding is the process whereby the
transmission properties of a section of microwave circuit
are characterised. In this paper it is proposed that a new
analysis mechanism be developed by applying a deembedding method implemented in a numerical
computational software package. The analysis
mechanism can then be applied to a horn antenna to
separate the transmission properties of the horn
structure from the transmission properties of the mode
transformer that is used to feed the system.
Index Terms – De-embedding, Mason’s Rule, Mode
Transformer, Scattering parameters
I. INTRODUCTION
Characterisation of a section of a microwave circuit, of
which the transmission properties are not known,
necessitates the isolation of that section from the rest of the
system. This can be achieved by using de-embedding
methods [1], [2].
The research undertaken was to develop an analysis
mechanism to determine the transmission properties of a
device indirectly, via the use of a mode transformer. Mode
transformers are used, for instance, to adapt between coaxial
lines and waveguides. The presence of the mode transformer
obscures the electrical properties of the waveguide circuit
when viewed from the coaxial input. In practice, the method
is to be applied to obtain the properties of a Device Under
Test (DUT) which has a waveguide input, when evaluated
from a coaxial input port, such as evaluating, for instance,
the properties of a horn antenna with a ridged waveguide
feed. By applying de-embedding methods the desired device
characteristics can be extracted from the overall system
characteristics.
This analysis mechanism can be utilised in both the
research environment to develop more efficient systems as
well as in design and implementation processes as a
verification tool.
II. DE-EMBEDDING METHODS AND METHODOLOGY
Several different de-embedding methods have been
reported [3]-[17] which can be categorised into two distinct
classes. In both of these classes electrical standards, with
known electrical characteristics, are used in place of the
DUT, in order to characterise the properties of the system in
which the DUT will be located.
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Fig. 1. Signal flow diagram to describe a section of microwave
circuit.

A. De-embedding by Matrices or Signal Flow Diagrams
The one class of de-embedding methods makes use of both
reflective and delay electrical standards and allows for the
network to be in a one- or two-port configuration. This
allows the network to be described as a cascade of matrices

[TTotal ] = [TError Box A ][TDUT ][TError Box B ] ,

(1)

where
[TTotal] = Total network transmission matrix
[TError Box N] = Error network N transmission matrix
[TDUT] = DUT transmission matrix.
It should be noted that the matrices to the left and right of
the DUT, also referred to as error boxes, can be as simple as
just a mode transformer or can be more complex, comprising
many components in the general sense. In this case, the
interest is to characterise a mode transformer.
Examples of this class of de-embedding methods are the
Through-Reflect-Line (TRL) [4], [5] and the Delay-andMultiple-Length-Delay (L-NL) [7], [8] de-embedding
methods.
Thereafter, by applying simple matrix manipulations to (1)
the transmission properties of the desired section of the
system can be isolated
−1

[TDUT ] = [TError Box A ] [TTotal ][TError Box B ]

−1

(2)

These matrices can be of the form of an ABCD matrix, T
matrix, or S-parameter matrix.
An alternative way of describing a system within this class
of de-embedding methods is by using basic circuit theory
and modelling the network by its signal flow diagram using
Mason’s Rule, applied to Fig. 1 [18].

∑T ∆
k

T=

k

∆

k

,

(3)

where
Tk = path gain of the kth forward path
∆ = 1 – Σ(all individual loop gains)
+ Σ(loop gain products of all possible…
combinations of two non-touching loops)
– Σ(loop gain products of all possible…
combinations of three non-touching loops)
+…
∆k = the value of ∆ not touching the kth forward path.
The use of signal flow diagrams allows for the network
properties to be described by S-parameters.
ρ = S11 +

S 21S12 Γ L
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(4)

B. De-embedding by Numerical Methods
The second class of de-embedding methods make use of
reflection measurements which then require the use of
numerical computational methods such as Method of
Moments (MoM) [16] or Finite-Difference Time-Domain
(FDTD) [17] to perform the de-embedding process. These
methods are computationally demanding and due to the use
of only reflection measurements, they are better suited to
one-port networks.
III. DEVELOPMENT OF AN ANALYSIS TOOL
The aim is to obtain the transmission properties of just the
horn structure shown in Fig. 2. To do this it is necessary to
first isolate the transmission properties of the mode
transformer used to feed the system.

By applying a combination of the TRL and L-NL deembedding methods the transmission properties of the mode
transformer section can be extracted. The TRL and L-NL deembedding methods have been identified to deliver a high
degree of accuracy while maintaining a low degree of
structural complexity.
Finally by applying simple matrix manipulations, such as
those described by (2), the transmission properties of just the
mode transformer can be determined.
While this allows for both the reflection and transmission
S-parameters to be calculated it also means that an a-priori
knowledge of the mode transformers transmission properties
are required when the cascaded matrices de-embedding
method is applied. This defeats the purpose of the deembedding method for this type of configuration.
An alternative approach is to describe the back-to-back
configuration by its signal flow diagrams and then apply
Mason’s Rule (3) to characterise the mode transformer. This
however presents its own challenges as the equations derived
for the back-to-back configuration are complex and easily
allow for an input error to be introduced.
It was subsequently found that the de-embedding of the
waveguide structure can be satisfactorily performed using
only a combination of three different offset shorts as
terminations to the mode transformer [19]. The equations
presented in [19] are derived from Mason’s Rule and require
that only the reflection measurements of the three different
mode transformer and termination configurations be
obtained to perform the de-embedding of the error network.
This setup is shown in Fig. 4 [19],

Fig. 2. Mode transformer with a horn structure attached as the
load.

It is possible to characterise a mode transformer, in this
case a 50 Ω coaxial feed to a X-band rectangular waveguide,
but measuring both the reflection and transmission Sparameters. This requires two mode transformers to be
placed back-to-back as shown in Fig. 3, effectively creating
a two-port network.

Fig. 4. Graphical representation of the three different offset
short configuration for de-embedding. Adapted from [19].

where
n = 0, 1, 2.
ℓ = electrical length of the offset short.
Once the transmission properties of the error network are
calculated the horn structure can be isolated by applying a
reworked form of Mason’s Rule where the reflection
coefficient at reference plane a’-b’ is made the subject of the
formula.

Fig. 3. Back-to-back configuration of two mode transformers
with a phase delay between them.

ΓL =

ρ − S11
S 22 ρ + S21S12 − S11S 22

(5)

IV. RESULTS AND DISCUSSION
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The de-embedding is performed via a network which has a
certain response, ultimately the coaxial to waveguide mode
transformer. The nature of the proposed approach, to
perform the de-embedding, is based on the signal flow
diagram of the microwave network and is therefore
independent of the physical properties of the structure
allowing it to be arbitrary, a “black box”. For this reason a
test microwave network was used as a verification tool to
ensure there was no error in the implementation of the deembedding equations. The structure chosen was a third-order
Chebyshev low pass filter with a 0.5 dB pass band ripple and
a cut-off frequency of 2.4 GHz. The response of this
network is shown in Fig. 5.
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Fig. 7. Calculated reflection coefficient with second short
termination of 0.25 λ.
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Fig. 5. Third order Chebyshev low pass filter with a 0.5 dB
ripple and cut-off frequency of 2.4 GHz.

The structure was then terminated in three different offset
shorts with offset lengths of 0 λ, 0.25 λ and 0.50 λ,
respectively, and λ calculated at the cut-off frequency. The
calculated reflection coefficients of the three short
terminations are shown in Fig. 6, Fig. 7 and Fig. 8,
respectively. The transmission coefficient was calculated
from the reflection coefficient by assuming the network is
lossless and using the conservation of energy equation.
2
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(6)

S11 + S 21 = 1
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From the offset short figures it is evident that the input
signal is reflected back to the source and only a phase shift,
caused by the offset lengths, is observed.
The three calculated reflection coefficients were then
imported into the de-embedding equations from [19] and the
initial network response, shown in Fig. 9, was extracted.
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Fig. 8. Calculated reflection coefficient with third short
termination of 0.50 λ.
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Fig. 6. Calculated reflection coefficient with first short
termination of 0 λ.
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Fig. 9. De-embedded response of the initial third order
Chebyshev low pass filter.

The de-embedded network response is almost identical to
the initial network response with the exception of the
anomaly that occurs at 2.4 GHz. This is caused by the offset
lengths behaving like quarter-wave transformers at 2.4 GHz.
Changing the length of the offsets causes the anomaly to
shift along the frequency band relative to the specified
length. The difference between the two networks was
calculated and is shown in Fig. 10.
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Fig. 10. Calculated difference between initial and de-embedded
network.

The responses of the initial and de-embedded networks are
to all intents and purposes identical.
V. CONCLUSION
It is concluded from the above results that an arbitrary
microwave network can be characterised through obtaining
three different termination measurements instead of having
to obtain both the reflection and transmission properties;
thus characterisation of the network is performed by the use
of only a single parameter.
VI. CONTRIBUTION
A method has been proposed to develop an analysis
mechanism, which is based on basic circuit theory and
requires only three different termination measurements in
order to function. It characterises the properties of a
microwave network and can thereafter be applied to
determine the properties of any network attached onto the
initial microwave network. The developed process has been
verified by using a test network and the results have been
found to be satisfactory.
Currently no such analysis tool is available.
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