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This paper focuses on the analysis technique of gyrotropic circular cylindrical semiconductor waveguide
by the use of an electrodynamical model. Authors propose the semi-automatic extraction of the dispersion
characteristics by the use of single-layer perceptron neural network. The waveguide analysis algorithm consists
of four main stages: initialization of system parameters, evaluation of transcendental linear dispersion equation
system, extraction of dispersion characteristics and evaluation of the waveguide broad bandwidth. In this paper
three types of waveguides (n-InP, n-InSb and p-InP) are analysed using a proposed algorithm. According to the
results of analysis, the use of gyrotropic n-InP and p-InP semiconductor, semiconductor–dielectric waveguides are
more preferred than to n-InSb waveguides due to their wider broad bandwidth.
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1. Introduction

In super high frequencies there are often used circular
cylindrical waveguides. These types of waveguides were
investigated in early 1947. Due to the growing interest
in equipment for super high frequency signals, the analy-
sis of circular cylindrical waveguides is relevant. Various
materials could be selected for these waveguides consider-
ing the diameter of the waveguide, which depends on the
specific application of waveguide. The gyrotropic semi-
conductor and semiconductor–dielectric waveguides are
analysed in this paper.

Comparison between electrodynamical characteristics
and gyrotropic ferrite waveguides has proved that these
waveguides are relevant tools, especially nowadays. Be-
fore designing any waveguide with diameter below 2 mm
the selection of right material is very important. The
material, selected for the waveguide, influences its elec-
trodynamical characteristics. Therefore, the electrody-
namical analysis of the waveguides, designed for the use
in various microwave devices is essential [1–5].

Two main parameters have to be estimated for the
designed waveguide: broad bandwidth and working fre-
quency range. Analysis of the dispersion characteristics
for specific waveguide enables to retrieve the broad band-
width for the analysed waveguide design. These char-
acteristics are usually achieved using numerical analysis
methods: finite-difference time-domain, finite element,
moments or boundary element, singular integral equa-
tion [6–9]. As an alternative to these waveguide analysis
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methods, the mathematical model for analytical analysis
of the waveguides is proposed in the previous works of
authors [10–14]. The use of analytical method suggested
by authors leads to more accurate results in estimation
of waveguide broad bandwidth.

In this paper three types of gyrotropic cylindrical cir-
cular waveguides are analysed: n-InP, n-InSb and p-InP.
The extraction of the dispersion characteristics requires
classification of nodes, calculated by the use of mathe-
matical model for the gyrotropic waveguide. Further ap-
proximation of the nodes, belonging to the same class, is
necessary for the estimation of the gyrotropic waveguide
broad bandwidth.

Various intelligent systems can quickly solve data anal-
ysis [15–18]. In this paper a single-layer perceptron
(SLP) neural network (NN) is used for the classifica-
tion of different circular gyrotropic cylindrical waveguide
nodes. The dispersion characteristics are received by
approximating extracted nodes, belonging to the same
mode of the waveguide.

2. Basics of gyrotropic semiconductor
waveguides

General structure of the gyrotropic open circular cylin-
drical semiconductor and semiconductor–dielectric wave-
guide is shown in Fig. 1. The electrodynamical model for
this kind of waveguide is presented in literature [13, 19]
and is suitable for ferrite, semiconductor, dielectrical, gas
discharge, and optical waveguide analysis.

In this paper the gyrotropic waveguides with the semi-
conductor core, exposed by a constant longitudinal mag-
netic field, defined as magnetic flux density vector B0

(542)
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Fig. 1. General structure of the gyrotropic open cir-
cular cylindrical semiconductor and semiconductor–
dielectric waveguide: 1 — semiconductor core, 2 — ex-
ternal non-magnetic dielectric layer, 3 — air.

(see Fig. 1), are analysed. The core of the waveguide is
characterized by the complex permittivity tensor

↔
ε

s

r and
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r = 1.
Semiconductor complex relative permittivity tensor is

used to calculate the coefficients of waves transversals —
ks
⊥1,2. These coefficients are used for the evaluation of

complex determinant elements ajk [14, 19]. The tensor
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where εs
xx, εs

xy, εs
zz are complex elements of the tensor.

In the analysed waveguide model a non-magnetic di-
electric layer surrounds the core of the waveguide (a sec-
ond model area in Fig. 1) and is characterized by the real
relative permittivity εd

r and the real relative permeabil-
ity µd

r = 1. The environment of the analysed waveguide
in the model is air with permittivity and permeability
εa
r = µa

r ≈ 1.
The detailed description for the mathematical model of

the open gyrotropic cylindrical semiconductor waveguide
can be found in the literature [13, 19].

The gyrotropic semiconductor waveguides dispersion
equations can be solved by the use of Maxwell’s equations
presented in [13, 14]. The transcendental linear disper-
sion equation system of the 8th order determinant for
open circular cylindrical semiconductor waveguides with
external dielectric layer is expressed by Ds = det[ajk] =
0, where j is a column and k is a row index of determi-
nant. The non-zero complex determinant elements are
presented in [13]. Solving the dispersion equation, the
phase characteristics of the modes and other electrody-
namics parameters are obtained.

3. Gyrotropic waveguides dispersion
characteristics analysis algorithm

The gyrotropic waveguide analysis algorithm proposed
in this paper (algorithm 1) is divided into four stages:
(A) initialization of system parameters; (B) evaluation
of transcendental linear dispersion equation system; (C)

extraction of dispersion characteristics; in assistance of
single-layer perceptron NN and (D) evaluation of the
waveguide broad bandwidth for the analysed waveguide.

The evaluation of coefficients in the 1st step of the algo-
rithm B stage (algorithm 1) is performed using equations
presented in [13]. The extraction of waveguide dispersion
characteristics is performed by a two SLP NN. The de-
sign of the SLP NN depends on the number of dispersion
characteristics which are necessary to be extracted

nch = 2nL , (2)

where nL is the number of neurons for SLP NN. The ex-
traction of dispersion characteristics is presented by using
two outputs of the SLP NN and three waveguide modes
are separated from each other.

The output of the SLP NN (shown in Fig. 2) for the
extraction of three dispersion characteristics can be de-
fined as follows:{

y1 = Φ (w11frs
t + w12h

′rs
t + b1) ,

y2 = Φ (w21frs
t + w22h

′rs
t + b2) ,

(3)

where Φ(x) is a hard limiting SLP activation function,
wij are the weights of the i-th neuron for the j-th input
of the SLP, b1,2 are the biases of 1 and 2 neuron respec-
tively, frs

t is a normalized frequency, h′rs
t is a normalized

phase constant and t is a number of iteration.

Fig. 2. Structure of the single-layer perceptron neural
network.

The SLP NN training is performed by generating ran-
dom initial weights wij (Fig. 2) and putting the frs

t and
h′rs

t as the inputs of the network and y1, y2 as the desired
outputs. The hard limiting function is selected as an ac-
tivation function for the both neurons. The update of
weights is performed in accordance to an error received
for the given SLP NN inputs using gradient descent learn-
ing. Each data class requires to set at least two points
for training.

Algorithm 1. Dispersion characteristics analysis algo-
rithm of the gyrotropic waveguides

A. Initialization of system parameters. εd
r , εsn,p

k , m,
m∗, fmin, fmax, ∆f , h′min, h′max, ∆h′, B0, µ, N ,
R, rs.
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B. Evaluation of transcendental linear dispersion
equation system.

for f → fmin, ∆f , fmax do

1) Evaluation of the coefficients [13]:
Re(εs

xx, εs
xy, εs

zz), εef , µef , ∆S, k, ks
⊥1,2,

ka
⊥, kd

⊥, a, b, s1, . . . , s4, v1, . . . , v4.
2) Evaluation of the cylindrical functions:

Jm(ks
⊥1,2r

s), J ′m(ks
⊥1,2r

s), Jm(kd
⊥rs),

J ′m(kd
⊥rs), Nm(kd

⊥rs), N ′
m(kd

⊥rs), Nm(kd
⊥R),

N ′
m(kd

⊥R), H
(2)
m (ka

⊥R), H
′(2)
m (ka

⊥R).
3) Calculation of the determinant elements: ajk

with j = 0, 1, . . . , 8; and k = 0, 1, . . . , 8.
4) Evaluation of the determinant: Ds = det[ajk].

if Ds = 0 then
write h′rs

write frs

h′rs(frs)

end if

end for

C. Extraction of dispersion characteristics.

1) Initialization of the SLP NN structure [18].
2) Selection of the example set for SLP NN train-

ing.
3) Training of the SLP NN.
4) Classification of the waveguide dispersion

characteristics modes.

D. Evaluation of the gyrotropic waveguide broad
bandwidth.

1) Retrieval of the dispersion characteristic
length l.

2) Linear approximation of the sets within three
neighbouring nodes, Eq. (4).

3) Angle estimation between approximated line
and frs.

4) Evaluation of the lower cut-off frequency for
selected dispersion characteristic (intersection
between krs and approximated line with high-
est angle).

The created algorithm is tested when the relative per-
mittivity tensor elements are Re(εs

xx) = Re(εs
zz) =

εd
r = 4 and Re(εs

xy) = 0. In this situation our proposed
algorithm is adopted for dielectric waveguides analysis.
In this case it is possible to compare dispersion charac-
teristics with other authors’ works [21, 22].

In Fig. 3 there are presented dispersion characteristics
of dielectric waveguide when the radius of the dielectric
waveguide is rd = 10 mm and azimuthal index m = 1 and
n = 1, 2, 3. The dispersion characteristics obtained are

the same as in [21, 22]. In comparison to the Kim [22] and
Yeh [23] waveguide analysis methods, algorithm proposed
in this paper is more flexible, as it gives the possibility to
analyse the gyrotropic circular cylindrical waveguides.

Fig. 3. The gyrotropic semiconductor waveguides
analysis algorithm testing results, when εd

r = 4, rd =
10 mm, m = 1 and n = 1, 2, 3.

In Fig. 4 there are presented the n-InP gyrotropic
waveguide dispersion equation roots — nodes of the
waveguide modes. These nodes shout be grouped in or-
der to retrieve the dispersion characteristics of the wave-
guide. In this paper a semi-automatic tool for classifica-
tion of nodes dependent on the same mode is presented.
The extraction of the dispersion characteristics (result
is shown in Fig. 5) is made by sending all received data
points (1, step 4 at the stage B, Fig. 4) to the trained SLP
neural network. For waveguides electrodynamical param-
eters calculation it is necessary to extract only two types
of dispersion characteristics: main mode HE11, the first
higher mode EH11 and the second higher mode HE12.
The other modes are less important and not used for fur-
ther analysis. These modes are eliminated by the use of
SLP NN and are not presented in Fig. 5 and Fig. 6.

Fig. 4. Dispersion characteristics of the n-InP gy-
rotropic waveguides with total electron concentration
N = 5 × 1019 m−3 and dielectric layer thickness is
d/rs = 0, before extraction.

For the evaluation of waveguide broad bandwidth (al-
gorithm 1, stage D) the linear approximation of the anal-
ysed dispersion characteristic is required [13, 14]. The
linear approximation is performed by the following equa-
tion:
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Fig. 5. Dispersion characteristics of the n-InP gy-
rotropic waveguides with total electron concentration
N = 5× 1019 m−3 extracted with the use of SLP NN.

Fig. 6. Dispersion characteristics of the n-InSb gy-
rotropic waveguides with total electron concentration
N = 5× 1019 m−3 extracted by the SLP NN.

c =
A′

1A1

A′
1H1

, (4)

where c is the vector of the line equation y = c1x + c2;
coefficients c1 and c2, coefficients A′

1A1 and A′
1H1 are

the results of frs
t and h′rs

t written in matrix form.
Normalized working frequencies of the waveguides in

the range ∆frs were established as the difference be-
tween cut-off frequency fcut1r

s of the first higher mode
EH11 and a cut-off frequency fcut0r

s of the main mode
HE11 [13, 14]. The broad bandwidth of the waveguide is
calculated using the following expression:

δs
f =

∆frs

fcrs
× 100[%] =

2(fcut1 − fcut0)rs

(fcut1 + fcut0)rs
[%] , (5)

where fcr
s is the normalized central frequency of the

waveguide working frequency range.

4. Analysis of different type gyrotropic
semiconductor waveguides

Three types of gyrotropic circular cylindrical wave-
guides are analysed in this paper. First type of the
semiconductor waveguides is n-InP, the second type is
n-InSb and the third type is p-InP. In this chapter

the broad bandwidths of the n-InP and p-InP circu-
lar cylindrical semiconductor, semiconductor–dielectric
waveguides are compared. Furthermore, the semiconduc-
tor, semiconductor–dielectric waveguides electrodynam-
ics parameters are presented. The dispersion character-
istics are calculated for the analysed types of waveguides
with radius rs = 1 mm and with hybrid modes first
(azimuthal) index m = 1. The algorithm presented in
this paper uses normalized phase constant h′rs depen-
dences on the normalized frequency frs to calculate the
waveguides broad bandwidth, working frequency range
(see Fig. 5 and Fig. 6), cut-off frequencies of the modes
and central working frequency. The polarization of the
hybrid modes is left-hand exp(+imφ).

A mistyping mistake in [19] is corrected in this paper.
The types of waveguide are taken from n-InP instead of
p-InP (as noted in paper [19]). The dispersion charac-
teristics of the semiconductor waveguide are presented in
Fig. 5 and Fig. 6. Here the mode HE11 is denoted with
square markers, the higher mode EH11 is denoted with
circle markers and the second higher mode HE12 is de-
noted with triangle markers in the figure. The analysis of
the semiconductor n-InP waveguides is performed by tak-
ing material background dielectric constant εsn

k = 12.5.
Effective mass of the n-InP semiconductor electron is
m∗ = 0.08me and mobility µ = 5.4 m2 V−1 s−1, here
me is mass of free carrier [24]. Dispersion characteristics
of the waveguides are presented in Fig. 5. For these cal-
culations the dielectric TM15 is used. The relative per-
mittivity of selected dielectric is εd

r = 15 and a relative
(normalized) thickness is d/rs = 0.3.

n-InP semiconductor waveguides working frequency
range is ∆frs|d/rs=0 = 0.016 GHz m and broad band-
width δs

f = 34%, semiconductor–dielectric waveguides
working frequency range is ∆frs|d/rs=0.3 = 0.018 GHz m.
For this type of waveguides, the broad bandwidth in-
creases for about 24% and becomes δs

f = 58%. It means
that the cut-off frequencies of the modes HE11, EH11

moves to lower frequencies. The cut-off frequency HE11

of the main mode without external dielectric layer is
fcut0r

s|d/rs=0 = 0.039 GHz m. Together with external
dielectric layer the main mode HE11 cut-off frequency
fcut0r

s is moving about 0.017 GHz m to lower the side of
frequencies.

When the external dielectric layer is added to the wave-
guide, the cut-off frequencies of the main mode HE11

always move to lower frequencies side because external
dielectric layer changes the electromagnetic field struc-
ture in gyrotropic waveguides core.

n-InSb gyrotropic waveguides analysis is performed
with material background dielectric constant εsn

k =
17.7 [13]. Effective mass of the n-InSb semiconductor
electron is m∗ = 0.013me with the mobility of µ =
7 m2 V−1 s−1. Dispersion characteristics for the n-InSb
semiconductor, semiconductor–dielectric waveguides are
presented in Fig. 6.

The dispersion characteristic shows that the ex-
ternal dielectric layer changes semiconductor and
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semiconductor–dielectric waveguides working fre-
quency range and broad bandwidth. Semiconductor-
-dielectric n-InSb waveguides working frequency range is
∆frs|d/rs=0.3 = 0.016 GHz m. With external dielectric
layer semiconductor n-InSb waveguides broad band-
width is δs

f = 57.1%. The working frequency range is
smaller than n-InP semiconductor–dielectric waveguides
working frequency range.

n-InSb semiconductor waveguides working frequency
range is ∆frs|d/rs=0 = 0.018 GHz m and broad band-
width is δs

f = 50%. Without external dielectric layer
n-InSb waveguides broad bandwidth is wider compared
to n-InP gyrotropic waveguides broad bandwidth. Dif-
ference between these two types of waveguides broad
bandwidths is about 16% (about 1.47 times). Accord-
ing to the analysis results, the use of n-InSb waveguides
is preferable for production because their electrodynami-
cal parameters (broad bandwidth and working frequency
range) are better, comparing to n-InP waveguides, when
the electron concentration is N = 5× 1019 m−3.

Next, the investigation results of the n, p-InP semi-
conductor, semiconductor–dielectric waveguides charac-
teristics are presented in the paper. The thickness of the
external dielectric layer is changed d/rs = 0, 0.1, 0.2,
0.3, 0.4, 0.5, also the concentrations of free carrier, used
for the analysis are N = 1 × 1017, 5 × 1018, 5 × 1019,
1× 1020 m−3.

p-InP gyrotropic waveguides main electrodynamical
properties are: effective mass of the free carrier m∗

Σ =
0.58me, the mobility µ∗Σ = 0.02 m2 V−1 s−1, the mate-
rial background dielectric constant (the same as n-InP
waveguides).

Broad bandwidth dependences on the free carrier con-
centration (lg N) and the dielectric layer thickness (d/rs)
are presented in Fig. 7. It can be seen that increasing
the concentration of the free carrier of the waveguides,
the broad bandwidth δs

f does not change. The wave-
guides broad bandwidth changes only when the exter-
nal dielectric layer is used. The widest p-InP gyrotropic
waveguides broad bandwidth (δs

f = 68.3%) is received
when the normalized thickness of the dielectric layer is
d/rs = 0.5. The narrowest waveguides broad bandwidth
is received with dielectric layer thickness d/rs = 0.2.
Consequently, with this dielectric layer thickness wave-
guide’s broad bandwidth decreases to ≈ 4% and becomes
δs
f = 64.3%. It happens because p-InP semiconductor
and semiconductor–dielectric waveguides, effective mass
of the free carrier and mobility are very small. These re-
sults are important for designing various microwave de-
vices, such as phase shifters.

More interesting results of investigation are re-
ceived for the n-InP semiconductor and semiconductor–
dielectric waveguides. These results are shown in Fig. 8.
It can be seen that n-InP gyrotropic waveguides broad
bandwidth varies when the electron concentration is in-
creasing. Also the waveguides broad bandwidth increases
if the external dielectric layer thickness d/rs is increasing
as well.

Fig. 7. p-InP gyrotropic waveguides broad bandwidth
dependences on the free carrier concentration and the
dielectric layer thickness.

Fig. 8. n-InP gyrotropic waveguides broad bandwidth
dependences on the electron concentration and the di-
electric layer thickness.

The widest n-InP semiconductor, semiconductor–
dielectric waveguides broad bandwidth is received for
waveguides with electron concentration N = 5×1018 m−3

and normalized thickness of the dielectric layer equal
to 0. The broad bandwidth of evaluated waveguides is
δs
f = 68.9%.
Increasing the thickness of the dielectric layer, wave-

guides broad bandwidth also increases if the electron con-
centration is N = 1 × 1020 m−3. The n-InP gyrotropic
waveguides broad bandwidth will be δs

f = 67.3%, when
the electron concentration is N = 5 × 1018 m−3 and ex-
ternal dielectric layer’s thickness is d/rs = 0.5.

Without external dielectric layer n-InP gyrotropic
waveguides broad bandwidth is δs

f ≈ 11%, with electron
concentration it is N = 1× 1020 m−3.

It can be seen in Fig. 8 that the increasing concentra-
tion of the electrons in the n-InP gyrotropic waveguides
the broad bandwidths for different modes are decreasing,
because of the cyclotron resonance frequency effects.

All these calculation results are significant and can
be used for designing and manufacturing microwave de-
vices. The differences between phases in semiconductor
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and semiconductor–dielectrics waveguides regarding the
phase shifters have been calculated.

5. Conclusions

According to the investigation results the external di-
electric layer changes the structure of gyrotropic semicon-
ductor waveguide’s core electromagnetic field. Increas-
ing dielectric layer thickness, the broad bandwidth of the
waveguide is increasing when electron concentration is
N = 1× 1020 m−3, for the n-InP waveguides.

n-InP and p-InP waveguides are better than n-InSb gy-
rotropic semiconductor, semiconductor–dielectric wave-
guides, when free carrier concentration is N = 5 ×
1019 m−3 and external dielectric layer thickness is d/rs =
0.3. n-InP and p-InP waveguides broad bandwidths are
wider than n-InSb.

p-InP semiconductor, semiconductor–dielectric wave-
guides broad bandwidth does not depend on the free car-
rier concentration. The free carrier mobility µ∗Σ of the
p-InP waveguide is very small compared to the n-InP
waveguide electrons mobility.

The use of SLP NN enables to extract linear separa-
ble dispersion characteristics of the gyrotropic semicon-
ductor and semiconductor–dielectric waveguide from the
set of computed nodes quickly. Using a proposed semi-
-automatic analysis of algorithm it is possible to quickly
evaluate the cut-off frequencies for different waveguides
modes, the waveguide working frequency range and the
broad bandwidth.
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