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Multiconductor Transmission Lines for Orbital
Angular Momentum (OAM) Communication Links

Michael Wulff, Student Member, IEEE, Til Hillebrecht, Lei Wang, Senior Member, IEEE,
Cheng Yang, Member, IEEE, and Christian Schuster, Senior Member, IEEE,

Abstract—In this paper the orbital angular momentum (OAM)
mode system, known from antenna communication, is applied
and extended to various multiconductor transmission lines. In the
context of this work, an OAM mode describes the excitation of a
multi-port system with a voltage distribution that is an eigenmode
of a cyclic system. The OAM mode system is the complete system
composed of all N OAM modes for a N -port system. For two
conductors the OAM mode system is shown to be equivalent
to the differential and common mode system. A transmission
line carrying OAM modes must be used as a feed line in OAM
comunicaition links and, because of the orthogonality of the
modes, it can be used to transmit multiple signals without mode
conversion. An OAM communication link is defined in the context
of this work as the components used from mode excitation of the
transmitter to mode decomposition of the receiver. Using the
analogy of OAM communication with antenna arrays and trans-
mission line theory, the excitation, geometry, characteristic mode
impedance, mode power, and matching of a transmission line
carrying OAM modes are derived. The matching is implemented
with a mode decomposition and mode matching network on both
sides of the transmission line. The performance of the system
is verified numerically, with a 2-D boundary element method
(BEM) solver based on the method of moments. Implementations
of the OAM mode system for multiconductor cables, microstrip
lines, and striplines are examined. Additionally, the behavior of
the mode transmission if the OAM modes are mismatched is
evaluated and compared to a single conductor transmission line.

Index Terms—microstrip line, multiconductor cable, mode
conversion, orbital angular momentum (OAM), stripline.

I. INTRODUCTION

ORBITAL angular momentum (OAM) modes are cur-
rently investigated as an alternative to traditional

multiple-input-multiple-output (MIMO) systems in commu-
nications systems. They form an orthogonal mode system
in the sense that the voltage distribution on the ports as
well as the field distribution of one OAM mode cannot be
formed by a linear combination of any other OAM modes. By
adapting this mode system for multi-conductor transmission
lines, one obtains a transmission line which can be used in the
signal processing of an OAM communication system, e.g. as
a feed line for a OAM antenna. Ideally, no mode conversion
occurs on the transmission line connecting the excitation of
the OAM modes to the OAM antenna. Simultaneously, such
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Fig. 1. Comparison of the setup of a radiated OAM mode in free space,
excited by an antenna array (a) and a guided OAM mode on a multiconductor
cable (b). For the shown six port system holds ∆Φ = 2π

6
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a transmission line can carry N signals on N modes without
mode conversion.

Mode conversion is a common problem that must be ad-
dressed for signal integrity. Known solutions to this problem
are differential signaling [1]-[2], where a signal is applied
between two conductors, or modal signaling [3]-[5], where
the eigenmodes of a multiconductor system are calculated
and used. The former is limited to a two wire system and is
included in the OAM mode system, as will be shown later. In
a previous paper the principle possibility to use OAM modes
on a multiconductor cable was demonstrated [6]. Here a cyclic
multiconductor system chosen such that the OAM modes are
eigenmodes of the system and can be transmitted without
mode conversion. This can be considered as a form of modal
signaling with a mode system, that can additionally be used
with an OAM radio wave communication system.

OAM modes were first implemented in free space optical
systems [7]-[10] and later in radio communication [11]-[15].
Since then, many aspects of OAM radio wave communications
have been explored. In [16]-[18] the differences between OAM
multiplexing and traditional MIMO were investigated and in
[20]-[22] the gain, link budget and Friis transmission equation
were analyzed for OAM communication. The possibilities and
limits of OAM communication were investigated in [23]-[24].
The dependencies of OAM communication in free space on
the antenna orientation and distance have been explored in
[25]-[27] and the effects of a PEC plane, plate and corridor
have been looked at by [28]-[30].
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Fig. 2. Overview of the main components of the OAM communication.
Several examples are shown for each part. For mode excitation (c), a network
of splitter and phase shifter, a Rotman lens, and a digital excitation are shown.
For the transmission line (b), separate coaxial cables, microstrip lines, and
a multiconductor cable are shown. For the OAM antenna (c), a monopole
antenna array, a patch antenna array, and a horn antenna array are shown.

This paper expands on the geometric requirements and
characteristic mode impedance already found in [6] and
additionally discusses the mode power and matching of a
transmission line carrying OAM modes. The possibility of
implementing the mode system investigated and discussed for
different conductor systems, which are a multiconductor cable,
a microstrip line, a single-layer stripline and a multi-layer
stripline. In addition, the mode transmission behavior during
mismatch of OAM modes is evaluated and compared with
a single conductor transmission line to show that the known
matching behavior from a single conductor transmission line
also applies to OAM modes.

The remaining paper is organized as follows. First, in
Section II, we give an overview of the OAM communication
and show how the transmission lines studied in this paper can
be integrated. In Section III, the general OAM mode excitation
is discussed and properties and requirements for OAM modes
on a multiconductor transmission line are derived. Section IV
discusses the matching of the OAM mode system and shows
the mode conversion as well as the effects of mismatching
on the OAM mode system on a cyclic geometry. Section V
explores the performances for implementations of the OAM
mode system on non-cyclic geometries like microstrip lines
and striplines. Finally section VI summarizes the results.

II. TRANSMISSION LINES FOR OAM ANTENNA FEEDS

Like any other wireless communication link, a potential
OAM communication link must have some key components
on both the transmitter and receiver sides, which are shown
in Fig. 2 for one side. Starting from Fig. 2 (c), the signals
to be sent via the OAM mode must be coded to the OAM
modes. This can e.g. be done with a network of splitter and
phase shifter[33][35], a Rotman lens[31][36][37] or with a
digital solution[32][34]. Next a matching network is required
to use all modes without reflection. The matching of the
OAM waves is shown in Section IV-A. After the matching
network a transmission line is necessary to connect to the
OAM Antenna. This transmission line can take the form of
N separate coaxial cables, which is an increasingly bulky
solution for a high number of antennas N . Alternatively, a
multi conductor transmission line carrying OAM waves, such
as a microstrip line or a multi conductor cable, can be used.
These are the subject of this paper. The last component is the
OAM antenna itself, which in this paper is an uniform circular
array (UCA) with, for example, monopole antennas, patch
antennas[32]-[37], or horn antennas[31] as array elements.

There are numerous experimental demonstrations of OAM
communication with various focus areas. Table I lists some of
them and the components used for them. Most configurations
fit in one of two categories. In the first the antenna and mode
excitation network are located on the same PCB. This has
the advantage that the transmission lines carrying the OAM
wave can be very small, reducing the potential for mode
conversion. However, depending on the number of antenna
elements and the OAM modes used, the mode excitation
and matching network can become quite complex, making
integration into the same PCB as the antenna increasingly
difficult. In the second category the mode excitation network
and the antenna are located on separate PCBs and connected
with multiple coaxial cables. The bunch of coaxial cables
becomes, as stated before, quite bulky. This results in the need
for smaller multiconductor transmission line for OAM modes,
which, if it provide a low mode conversion, can offer a less
bulky setup with more flexibility in the placement of the mode
excitation and matching network. The goal of this contribution
is to explore possible mode conversion free implementations
of the OAM mode system for commonly used transmission
line types and provide the theoretical base for there usage.

III. PROPERTIES AND REQUIREMENTS FOR THE OAM
MODE SYSTEM ON TRANSMISSION LINES

The possibility of using OAM modes on transmission lines
was shown in [6] for a cyclic multiconductor cable. This
section expands on the requirements and properties in terms
of excitation, geometry, characteristic mode impedance and
power. It is also shown that the OAM mode system for
two conductors is equivalent to the differential and common
mode system, which makes the OAM mode system a natural
extension of the differential and common mode system for a
N -conductor system. This connection may allow concepts to
be transferred between the OAM mode system and the differ-
ential and common mode systems, or to discover analogous
properties in one of the systems that are known in the other.
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TABLE I
COMPARISON OF THE COMPONENTS IN THE OAM COMMUNICATION IN

PREVIOUS EXPERIMENTS.

Ref Year Mode
excitation

Transmission
line

OAM
Antenna

Spacial separation
of antenna and
mode excitation

[31] 2016 Rotman lens Multiple
coaxial cable Horn array Separated

[32] 2017 Digital Multiple
coaxial cable Patch array Separate PCBs

[33] 2018 Network
on PCB

Multiple
micro strips Patch array Same PCB

[34] 2018 Digital Multiple
coaxial cable Patch array Separate PCBs

[35] 2019 Network
on PCB

Multiple
micro strips Patch array Same PCB

[36] 2019 Rotman lens Multiple
micro strips Patch array Same PCB

[37] 2020 Rotman lens Multiple
strip lines Patch array Same PCB

A. Mode Definition
In OAM radio cumunication using an antenna array like

Fig. 1 (a) to excite an OAM wave, all array elements are
fed with voltages of equal amplitude and phase differences of
∆Φl = 2πl/N between adjacent elements. Where N is the
number of array elements and l is the OAM mode number,
which is restricted to

−N
2
< l <

N

2
(1)

according to [38]. The resulting OAM modes are orthogonal,
in the sense that one mode cannot be constructed as a linear
combination of the others. If N is odd, (1) returns N modes,
describing a complete mode system. If N is even, an additional
mode with ∆Φl = π and mode number 0∗ is added to
complete the system. The OAM mode l is described by the
voltage vector

Vsingle,l =
V0√
N


ej∆Φl·0

ej∆Φl·1

...
ej∆Φl·(N−1)

 , (2)

where the vector entries describe the voltage applied to the
ports of the array elements in a counterclockwise order as
shown by the numbering in Fig. 1 (a).

To use this OAM mode system on a multiconductor system,
the voltages applied to the array elements are applied to the
conductors of the multiconductor system in the same way, as
shown in 1 (b) for the example of a multiconductor cable. For
a two conductor system (N = 2) the mode definition results
in the OAM modes l = 0 and l = 0∗. The excitation of OAM
mode 0 is the same as for the common mode

Vsingle,0 =
V0√

2

(
ej0

ej0

)
= Vsingle,common (3)

and the excitation of OAM mode 0∗ is the same as for the
differential mode

Vsingle,0∗ =
V0√

2

(
ej0

ejπ

)
= Vsingle,differential. (4)

So the OAM mode system, as defined here, includes the
differential and common mode system.

B. Geometric Requirements of the Tranmission Line Cross
Section

To determine whether a multiconductor system can carry
OAM modes without mode conversion, it is necessary to
clarify what the geometry requirements are. The geometry
of the cross section must ensure that the OAM modes are
orthogonal. According to transmission line theory [41] the
wave equation of a multiconductor system is

d2Vsingle

dx2
= Z′Y′Vsingle, (5)

where Vsingle is a vector containing the voltages on the N con-
ductors, x is the direction of propagation of the transmission
line and the square matrix Z′Y′ consists of the per-unit-length
impedance matrix Z′ and the per-unit-length admittance matrix
Y′. So the OAM voltage vectors Vsingle,l must be eigenvectors
of the matrix Z′Y′. As shown in [6] the OAM voltage vectors
are all part of a Vandermonde matrix, which describes the
eigenvectors of cyclic matrix [39]. Thus, for the OAM modes
to be orthogonal, Z′Y′ must be cyclic. Since the product of
two cyclic matrices is also cyclic [39], a simple solution is
that Z′ and Y′ are individually cyclic. For transmission lines
these matrices can according to [41] be calculated as follows

Z′ = R′ + jωL′

Y′ = G′ + jωC′,
(6)

where L′ is the per-unit-length inductance matrix, C′ is the
per-unit-length capacitance matrix, R′ is the per-unit-length
resistance matrix and G′ is the per-unit-length conductance
matrix. R′ is a diagonal matrix and thus always cyclic. In
case of TEM transmission L′ can be calculated from the per-
unit-length capacitance matrix as follows [41]

L′ = ε0µ0C0
′−1, (7)

where C0
′ is the per-unit-length capacitance matrix for the

case that no dielectric is present. Thus, for L′ to be cyclic,
C0
′−1 must be cyclic, and since the inverse of a cyclic matrix

also is cyclic [39], C0
′ must be cyclic. In summary, for

orthogonality of OAM modes on a loss-less transmission line,
it is only necessary that the capacitance matrix per-unit-length
be cyclic with and without dielectric. For a transmission line
with losses, G′ must also be cyclic.

C. Characteristic Mode Impedances

To calculate the mode impedance it is useful to transform
the voltage and current vectors on a cross section into the
OAM base [40]. This means

VOAM(x) = THVsingle(x) (8)

IOAM(x) = THIsingle(x). (9)

Here, every entry of VOAM(x) and IOAM(x) represents only
one OAM mode while every entry of Vsingle(x) and Isingle(x)
represents only one conductor. The transformation matrix T
contains the normalized excitation of the OAM modes

tl =
1√
N

(
ej∆Φl·0 ej∆Φl·1 · · · ej∆Φl·(N−1)

)
(10)
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and is defined according to [25] as

T =


t0

t1

t−1

...
t0∗

 . (11)

This matrix is unitary, i.e. TH = T−1 and since it contains the
eigenvectors of the system, it can diagonalize the impedance
per-unit-length matrix

Dz = TZ′TH , (12)

as well as the square matrix of the wave equation

[γ2] = TZ′Y′TH . (13)

Dz is a diagonal matrix, whose entries are now referred to as
dl and [γ2] is a diagonal matrix containing the square of the
propagation constants γl [41] of the OAM modes, which are
equal for all modes in case of TEM transmission and become
γ = γl.

Now a formula connecting VOAM(x) and IOAM(x) in terms of
the per-length-parameter must be derived. From transmission
line theory [41] the following equation can be obtained

dVsingle(x)

dx
= −Z′Isingle(x). (14)

When expressed with respect to the OAM base it becomes

dVOAM(x)

dx
= −DzIOAM(x). (15)

To get an expression for the derivative of VOAM, the wave
equation (5) is expressed with respect to the OAM base and
becomes

d2VOAM(x)

dx2
= [γ2]VOAM(x). (16)

The solution of the wave equation for a wave propagation in
positive x-direction is consequently for every OAM mode

VOAM,l(x) = V̂OAM,l · e−γlx (17)

Inserting equation (17) in (15) results in

VOAM(x) = [γ]−1DzIOAM(x) (18)

where [γ] is a diagonal matrix containing the propagation
constants γl. This equation can be separated for every mode l

VOAM,l(x) =
dl
γl
IOAM,l(x) = ZOAM,lIOAM,l(x) (19)

The cyclic impedance per-unit-length matrix is build up as
follows

Z′ =


z′0 z′1 · · · z′N−1

z′N−1 z′0 · · · z′N−2
...

...
. . .

...
z′1 z′2 · · · z′0

 . (20)

This indexing is used for all cyclic matrices in this paper.

So with equation (19), (12) and (13) applied to the respec-
tive matrices one obtains

ZOAM,l =

∑N−1
i=0 z′i · cos(∆Φil)√∑N−1
i=0 zyi · cos(∆Φil)

, (21)

with z′i being the cyclic entries of Z′ and zyi being the cyclic
entries of Z′Y′. For both z′i and zyi the indexing of equation
(20) is used. For TEM transmission γ = γl holds and thus the
equation simplifies to

ZOAM,l =
N−1∑
i=0

z′i
γ
· cos(∆Φil), (22)

with γ = jω
√
µε. For a loss-less TEM transmission line the

characteristic mode impedance is frequency independent.
Evaluating equation (21) for a two conductor system reveals

that the mode impedance of OAM mode 0 is the even mode
impedance [42]

ZOAM,0 =
z′0 + z′1
γ0

=

√
z′0 + z′1
y′0 + y′1

= Zeven (23)

and the mode impedance of OAM mode 0∗ is the odd mode
impedance [42]

ZOAM,0∗ =
z′0 − z′1
γ0∗

=

√
z′0 − z′1
y′0 − y′1

= Zodd. (24)

The power that is transported by an OAM mode can, when
the mode is matched, be calculated using the mode impedance.
Due to the orthogonality of the OAM modes, the transmission
of each mode is decoupled, resulting in the equivalent circuit
shown in Fig. 3 (b). Here, the real power transported along
the transmission line for OAM mode l is

POAM,l =
V0

2Re[ZOAM,l]
. (25)

IV. THE OAM MODE SYSTEM ON A CYCLIC
MULTICONDUCTOR

As shown in the previous chapter, the usage of the OAM
mode system without mode conversion requires a cyclic sys-
tem. In this chapter, first the matching and the numerical
method to simulate the transmission lines are discussed. After
that the mode conversion of the OAM mode system is dis-
cussed using the cyclic cable shown in Fig. 7 as an example.
Finally, the behavior of the OAM modes is evaluated when
mismatched and compared to a single transmission line.

A. Mode Matching and Decomposition

In order to transmit a signal using an OAM mode, the
signal must be distributed to all conductors according to the
definition of the respective OAM mode in equation (2) and
the OAM mode must be matched properly. For the excitation
of the eigenmodes of any system [43] suggests a mode
decomposition network (MDN) and a mode matching network
(MMN) on both sides of the system. Fig. 3 (a) shows an
overview of this structure for a multiconductor transmission
line. The input ports on the left each carry signals that should
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Fig. 3. Structure of the network required to use OAM modes (a). The input
signals on the left are transferred to different OAM modes with the mode
decomposition network (MDN) and matched to the transmission line with the
mode matching network (MMN). (b) shows the equivalent decoupled networks
for every OAM mode, without any possible losses of the MDN and MMN.

1∆Φ · 0

1∆Φ · 1

1∆Φ · 2

1∆Φ · 3

Mode 1

Mode -1

Mode 0

Mode 0∗

Port 1

Port 2

Port 3

Port 4

Fig. 4. A possible implementation of the MDN for N = 4.

be transmitted via different OAM modes. These ports have
an input impedance Zref = 50 Ω. The transfer of the input
signals to the respective OAM mode is done by the MDN,
for which a possible implementation with the OAM mode
system is depicted in Fig. 4 exemplarily for N = 4. The
signal for every mode is first split up equally in N signals, then
the phase differences of the respective OAM mode according
to equation (2) are applied and the contributions of every
mode are combined again at every port. When the MDN is
implemented in this way there are losses due to the splitter/
combiner. After the MDN has translated the input signals into
the OAM modes the MMN matches the input impedance Zref
on the side of the MDN to the characteristic OAM mode
impedances ZOAM,l on the side of the transmission line.

For the MMN a S-parameter matrix according to [43] is
used

SMMN =

(
SM11 SM12

STM12 SM22

)
. (26)

Using this matrix, the input refection Γp for the OAM modes
of the MMN on the the side of the MDN is according to [43]

Γp = T(STM12(S−1
tl,in − SM11)−1SM12)TH , (27)

with Γtl = TStl,inTH being the input reflection for the
OAM modes in the transmission line. All modes are perfectly
matched if Γp = 0. [43] solves this problem for a broad

frequency range by minimizing Γp with an optimizer. As the
characteristic mode impedance is frequency independent for
a loss-less TEM transmission line Γp = 0 can be solved. A
possible solution is given by

SM11 = THΓHtlT (28)

SM12 =
1√
N0

I (29)

SM22 = − 1

N0
(S−1
tl,in − SM11)−1, (30)

were N0 is a normalization factor used to ensure the passivity
of SMMN . When N0 < 1, the MMN has losses. The input
reflection for the OAM modes Γtl can be calculated by
transforming the diagonal matrix containing the characteristic
mode impedance from Z-parameter to S-parameter

Γtl = (diag(ZOAM,l)/Zref−I)·(diag(ZOAM,l)/Zref+I)−1,
(31)

with I being the unity matrix and diag(x1) being a diagonal
matrix with the diagonal entries x1.

In general the solution of SMMN contains the fully filled
cyclic and symmetric sub-matrices SM11 and SM22 and the
diagonal matrix SM12. For the cyclic cable of Fig. 12 (a) with
the geometric measurements of Table III the sub-matrices of
SMMN are exemplarily shown in Table II.

TABLE II
SUB-MATRICES OF SMMN FOR FIG. 12 (A).

SM11

−0.045 0.113 0.031 0.021 0.031 0.113
0.113 −0.045 0.113 0.031 0.021 0.031
0.031 0.113 −0.045 0.113 0.031 0.021
0.021 0.031 0.113 −0.045 0.113 0.031
0.031 0.021 0.031 0.113 −0.045 0.113
0.113 0.031 0.021 0.031 0.113 −0.045

SM22

0.041 −0.109 −0.031 −0.023 −0.031 −0.109
−0.109 0.041 −0.109 −0.031 −0.023 −0.031
−0.031 −0.109 0.041 −0.109 −0.031 −0.023
−0.023 −0.031 −0.109 0.041 −0.109 −0.031
−0.031 −0.023 −0.031 −0.109 0.041 −0.109
−0.109 −0.031 −0.023 −0.031 −0.109 0.041

SM12

0.954 0 0 0 0 0
0 0.954 0 0 0 0
0 0 0.954 0 0 0
0 0 0 0.954 0 0
0 0 0 0 0.954 0
0 0 0 0 0 0.954

As this matching network only works if the correct mode
impedances ZOAM,l are used and the formula for calculating
mode impedances derived in Section III is valid only for
cyclic systems a different approach is needed for the non-
cyclic systems investigated in Section V. In those cases the
iterative matching algorithm of [44] is used in post-processing.
For that the S-Parameters matrix is first obtained from the
simulation using 50 Ω ports, then this matrix is converted into a
mixed mode matrix according to [25]. The mixed mode matrix
is a similarity transformation of the S-parameter matrix and
describes the interaction of the OAM modes instead of the port
waves. Finally the ideal mode impedances are calculated from
this matrix with the algorithm of [44] and these impedances
are then used to calculate the MMN.

The reflections of OAM modes 0, 1 and 2 are compared
when using the MMN with the analytically calculated ZOAM,l
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Fig. 5. Comparison of the reflection of the OAM modes when using no
matching (50 Ω ports), matching with the MMN with analytically (AN) and
iterative (IT) determinate ZOAM,l. The cable of Fig. 12 (a) is used with the
geometric measurements of Table III.

(AN) and the iterativly determent ZOAM,l (IT) in Fig. 5.
The reference (50 Ω match) case is also included. The ana-
lytically determined impedances result in a reflection of less
than −190 dB for all modes and the iteratively determinated
impedances result in a reflection of less than −120 dB for all
modes. Since the algorithm is iterative, the resulting reflection
depends on the selected maximum residual.

Due to the orthogonality of the OAM modes, the matched
transmission line can be understood as N isolated transmission
lines formed by the N OAM modes, as shown in Fig. 3 (b).
These transmission lines do not disturb each other and have
the characteristic impedance of the respective mode. Due to
the mode matching networks the source and load impedance
are equivalent to the characteristic impedance.

B. Numerical Method

In order to calculate the matching, the transmission line
must first be analyzed. This is done numerically. All transmis-
sion lines used in this paper are loss-less. A 2-D boundary el-
ement method (BEM) solver based on the method of moments
is used to model the transmission lines. All metal-to-substrate
surfaces are discretized and constant basis functions are used
for the calculation of the overall charge distribution. The
transmission-line parameters are determined by solving the
integral equation that relates the known conductor potentials
to the unknown conductor charge distributions in the cross
section of the transmission line [45]. From the resulting per-
unit-length parameter the S-parameter matrix of the transmis-
sion line is calculated. These S-parameters calculated with the
BEM solver are compared for several geometries with the
commercial finite element method (FEM) solver HFSS[46].
One of those comparisons is shown in Fig. 6 for the structure
of Fig. 7. The results of both tools agree in general very well.
For smaller S-parameters there is a slight difference due to
the limited accuracy of max(∆S) <= −50 dB for HFSS,
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Fig. 6. Comparison between the BEM solver and HFSS for selected S-
parameter for the structure of Fig. 7 with the geometric mesurements of Table
III. The transmission of conductor 1, as well as the crosstalk from conductor
1 to conductor 2 are shown. Lines represent the BEM tool and circles HFSS.

εr

∆Φ

∆Φ

∆Φ

∆Φ∆Φ
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rcs

ri

Shield
(Ground)

1

23

4

5 6

Fig. 7. Cyclic multiconductor cable. Ground is colored black, the dielectric is
colored green and the conductors vary in color. For the excitation with OAM
modes the phase differences ∆Φ are shown and for the pairwise differential
modes the color coding shows the conductor pairs. All conductors have a
length of 10 cm.

which was achieved using 32 GB RAM. Other comparisons
yell similar results.

The calculated S-parameter matrix can subsequently be used
to calculate the MMN of the previous subsection. For the
characterization of a transmission line this step can also be
done in a simpler way as a post-processing step. The S-
parameter matrix can be converted into a mixed mode matrix
according to [25], which describes the interaction of the OAM
modes instead of the port waves. This matrix allows easy
evaluation of mode reflection, transmission, and conversion,
and can be easily matched to the respective characteristic mode
impedances by renormalizing the matrix ports.

TABLE III
GEOMETRIC MEASUREMENTS OF THE CONFIGURATIONS OF FIG. 7 AND 12

εr 4.5 ri 0.35 mm rcc 1 mm rcs 1 mm
hb 0.2 mm wb 0.1 mm tb 0.035 mm db 0.3 mm
hc 0.8 mm wc 0.079 mm tc 0.018 mm lc 0.103 mm
dc1 0.075 mm dc2 0.075 mm

Authorized licensed use limited to: Heriot-Watt University. Downloaded on January 25,2022 at 15:51:27 UTC from IEEE Xplore.  Restrictions apply. 



2156-3950 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TCPMT.2022.3140920, IEEE
Transactions on Components, Packaging and Manufacturing Technology

IEEE TRANSACTIONS ON COMPONENTS, PACKAGING AND MANUFACTURING TECHNOLOGY 7

0 2 4 6 8 10
f (GHz)

-300

-250

-200

-150

-100

-50

0
N

ea
r

en
d

m
od

e
co

nv
er

si
on

(d
B

)

OAM 1 to 0
OAM 1 to -1
OAM 1 to 2
OAM 1 to -2
OAM 1 to 0*
Diff blue to
red (orange)

Fig. 8. Mode conversion at the near end for OAM mode 1 and the differential
mode of the blue conductor pair (Diff) for the setup of Fig. 7. All modes are
matched.

C. Mode Conversion

In this section, the mode conversion of the OAM mode
system is evaluated when used on a cyclic multiconductor.
To that aim, the mode conversion of the OAM modes are
compared to the mode conversion of a pairwise differential
mode system where the conductors with the same color in
Fig. 7 are used as differential conductors.

The multiconductor cable from Fig. 7 is used with the
geometric measurements of Table III and the matching of
Section IV-A. As determined in section III OAM modes can be
used without mode conversion if the capacitance matrix per-
unit-length with dielectric C′ and without dielectric C′0 are
cyclic. For the multiconductor cable C′ and C′0 have the same
structure as the cable is homogeneously filled. Therefore it is
sufficient to ensure that C′ is cyclic. In Fig. 7, the conductors
are arranged on a centered circle with uniform angular distance
to their neighbors. Since the distance to the shield and to the
clockwise and counterclockwise neighbors is the same for each
conductor, C′ is cyclic. This multiconductor cable is thus an
ideal transmission line for the OAM mode system.

In this paper, near end mode conversion refers to a signal
that is transferred between modes and leaves the transmission
line on the same side on which it was excited. Far end
mode conversion is the same, but it exits the transmission
line on the opposite side. For the multiconductor cable, the
mode conversion to the near and far end is shown in Fig.
8 and Fig. 9 exemplarily for OAM mode 1 and the blue
differential pair mode. For the OAM modes there is practically
no mode conversion, as it is smaller than −150 dB. Lower
values could not be expected. It has to be emphasized in
this context that a numerical technique has been applied to
compute the transmission line per-unit-length parameters. The
mode conversion of the pairwise differential modes is at its
maximum −22 dB.

D. Mismatch

This section answers two questions. First does the mismatch
of one OAM mode influence the other modes. Due to the

0 2 4 6 8 10
f (GHz)

-300

-250

-200

-150

-100

-50

0

Fa
r

en
d

m
od

e
co

nv
er

si
on

(d
B

)

OAM 1 to 0
OAM 1 to -1
OAM 1 to 2
OAM 1 to -2
OAM 1 to 0*
Diff blue to
red (orange)

Fig. 9. Mode conversion at the far end for OAM mode 1 and the differential
mode of the blue conductor pair (Diff) for the setup of Fig. 7. All modes are
matched.
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Fig. 10. Transmission of OAM mode 0 (a) and 1 (b), when OAM mode
0 is terminated on source side with Zs and on the load side with Zl. All
other modes are matched. The characteristic mode impedance of mode 0 is
ZOAM,0 = 86.41Ω.

orthogonality of the OAM modes, it is expected that the
mismatch of one OAM mode will not affect the other modes.
The second question is how does the behavior of a mismatched
OAM mode compare to the behavior of a mismatched sin-
gle conductor transmission line. Provided the characteristic
impedance is calculated correctly, the same behavior is to be
expected. An OAM mode can be mismatched by using an
impedance other than the characteristic mode impedance in
equation (31) when calculating the MMN.

To answer the first question only OAM mode 0 is mis-
matched with an impedance Zs on the source side and an
impedance Zl on the load side. The resulting transmission
of OAM mode 0 and 1 is shown in Fig. 10 for various
combination of Zs and Zl. The transmission of mode 0 is
affected by the mismatch, but the transmission of mode 1 and
all other modes (not shown here) remains unchanged. This
result further emphasizes that the OAM modes form decoupled
transmission lines where the mismatch of one transmission line
does not affect the others.

For the second question, a single conductor coaxial cable
with the same length, dielectric, shielding, and conductor
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Fig. 11. Transmission of OAM mode 0, 1, 2 and 0∗ compared to the
transmission of a single conductor coax cable as reference (Ref.). The source
impedance Zs and the load impedance Zl are changed for each mode and
the reference as a function of the respective characteristic impedance Z0.

radius as in Fig. 7 and Table III is used as reference. This time
Zs and Zl are changed for all modes and the reference in terms
of their respective characteristic impedances Z0. Fig. 11 shows
the transmission for the matched case and one mismatched
case. It can be seen that the differences in transmission
between the OAM modes and the reference line are very small
and may have numerical causes. The same can be observed for
all combinations of Zs and Zl from Fig. 10 (not shown here).
As expected, the OAM modes behave exactly like a single
transmission line with the characteristic mode impedance as
the characteristic impedance, which verifies the calculation of
the characteristic mode impedances.

V. THE OAM MODE SYSTEM ON A NON-CYCLIC
MULTICONDUCTOR

Since commonly used transmission lines, such as microstrip
lines, are non-cyclic multiconductors, it is necessary to eval-
uate the mode conversion of the OAM mode system on such
transmission lines. This section investigates the implemen-
tation of the OAM mode system on commonly used non-
cyclic multiconductors in terms of mode conversion. The
microstrip line and stripline geometries shown in Fig. 12
are evaluated as examples. The dimensions of the presented
configurations are shown in Table III. For these configurations,
the mode conversion of the OAM modes is compared to the
mode conversion of a pairwise differential mode system where
the conductors with the same color are used as differential
conductors.

A. OAM Mode System on Microstrip Lines

The microstrip line is a non-ideal geometry for the OAM
mode system since both C′ and C0

′ are non-cyclic. The
mode conversion to the near end and the far end is shown
exemplarily in Fig. 13 and Fig. 14 for OAM mode 0 and
the differential mode on the blue conductor pair. The mode
conversion of the OAM modes and the differential modes is
comparable. OAM modes 0 and 0∗ form the only mode pair
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Fig. 12. Three non-cyclic multiconductor setups, that are (a) a microstrip line,
(b) a single-layer stipline and (c) a multi-layer stipline, are shown. Ground is
colored black, the dielectric is colored green and the conductors vary in color.
For the excitation with OAM modes the phase differences ∆Φ are shown and
for the pairwise differential modes the color coding shows the conductor pairs.
All conductors have a length of 10 cm.

without conversion. Thus, due to the deviations from a cyclic
geometry for the current microstrip line, only two out of six
OAM modes can be used without mode conversion.

To improve the mode conversion for all modes the differ-
ence between the coupling impedance of neighbors has to
be minimized. This means all conductors must be isolated.
However, this is not practical. Further efforts by the authors
to improve the system without enlarging it did not result in
significant changes. Instead, striplines offer a better way to
reduce mode conversion as will be shown next.

B. OAM Modes System on Striplines

First the single-layer stripline configuration in Fig. 12 (b) is
evaluated with the geometrical dimensions listed in Table III.
The near end mode conversion for this case is shown in Fig.
15 exemplarily for OAM mode 0 and the differential mode
of the blue conductor pair. Similar to microstrip lines, the
mode conversions of differential modes and OAM modes are
comparable and OAM modes 0 and 0∗ form the only mode pair
without conversion. Hence for this configuration again only
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Fig. 13. Mode conversion at the near end for OAM mode 1 and the differential
mode of the blue conductor pair (Diff) for the setup of Fig. 12 (a). All modes
are matched. The mode conversion between mode 0 and 0∗ is smaller than
−150 dB.
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Fig. 14. Mode conversion at the far end for OAM mode 1 and the differential
mode of the blue conductor pair (Diff) for the setup of Fig. 12 (a). All modes
are matched. The mode conversion between mode 0 and 0∗ is smaller than
−150 dB.

two of six OAM modes are usable without mode conversion.
Overall, the mode conversion to the near end is almost on the
same level as for the microstrip lines.

Next, to reduce mode conversion, a geometry closer to a
cyclic multiconductor is developed, namely a stripline with a
multi-layer geometry. The six conductors are arranged in a
circle within three layer as shown in Fig. 12 (c). Initially, the
black conductor in the center is not present and the geometric
measurements of the Table IV are used. The near end mode
conversion for this geometry is exemplarily shown in Fig. 16
for OAM mode 0. Here only the mode conversions between
mode 0 and ±2 are larger than −150 dB and in general there
is only mode conversion between every second mode. So there
is only mode conversion within two groups of modes. Namely
(0,2 and -2) as well as (0∗, 1 and -1). Again only two of six
modes are usable without any mode conversion, but there is
overall mode conversion between fewer modes.

For the striplines, C′ and C0
′ are generally not cyclic,

TABLE IV
GEOMETRIC MEASUREMENTS OF THE STRIPLINE CONFIGURATION

WITHOUT THE MIDDLE REFERENCE CONDUCTOR.

hc 0.8 mm wc 0.1 mm tc 0.035 mm lc 0.11 mm
dc1 0.1 mm dc2 0.18 mm εr 4.5
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Fig. 15. Near end mode conversion for OAM mode 0 and the differential
mode of the blue conductor pair (Diff) for the stripline of Fig. 12 (b) with
the geometric measurements of Table III. All modes are matched. The mode
conversion between mode 0 and 0∗ is smaller than −150 dB.

but because of the homogeneously filled conductor, C′ and
C0
′ have the same structure, so it is sufficient to ensure

the cyclicity of C′. To further improve the remaining mode
conversion, the capacitance to ground for the middle conduc-
tors must be the same as for the other conductors. To that
aim the middle reference conductor is introduced. Now dc2
must be adjusted to achieve this and dc1, lc, wc and tc must
also be adjusted to keep the coupling between the conductors
equal. The resulting dimensions are listed in Table III. The
near end and far end mode conversions are shown in Fig. 17
and 18 for OAM mode 0 and the blue differential mode. The
maximum mode conversion could be improved from −24 dB
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Fig. 16. Near end mode conversion for the stripline without the middle
reference Conductor and with the geometric measurements of Table IV. The
mode conversions between mode 0 and ±1 as well as mode 0 and 0∗ are
smaller than −150 dB.
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Fig. 17. Near end mode conversion for OAM mode 0 and the differential
mode of the blue conductor pair (Diff) for the stripline of Fig. 12 (c) with
the geometric measurements of Table III. All modes are matched. The mode
conversions between mode 0 and ±1 as well as mode 0 and 0∗ are smaller
than −150 dB.
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Fig. 18. Far end mode conversion for OAM mode 0 and the differential
mode of the blue conductor pair (Diff) for the stripline of Fig. 12 (c) with
the geometric measurements of Table III. All modes are matched. The mode
conversions between mode 0 and ±1 as well as mode 0 and 0∗ are smaller
than −150 dB.

to −43 dB. Further optimization is possible when the height of
the multi-layer stripline is increased or more ground conductor
are introduced. For the optimization of a lossless stripline, it is
sufficient to minimize the deviation from the cyclicity of C′.
Thus, the coupling capacitance and the capacitance to ground
must be adjusted, e.g. by changing the distances between the
conductors or the distance between the conductors and ground.

The optimizations implemented in this paper were able
to reduce, but not eliminate, mode conversion. When the
remaining mode conversions can be tolerated OAM modes
received by an OAM antenna can be processed on a multi-
layer stripline.

C. Discussion

A mode conversion-free implementation of the OAM mode
system for a multiconductor cable, a microstrip line, a single-
layer stripline and a multi-layer stripline have been attempted.

The multiconductor cable shown in this paper is an ideal
cyclic system and thus enables a mode conversion-free use
of the OAM modes. The OAM modes can individually be
mismatched and behave exactly like an isolated single conduc-
tor transmission line with the characteristic mode impedance
of the respective mode as characteristic impedance. The mi-
crostrip line and single-layer stripline are a non-cyclic system,
which could not be altered to allow a mode conversion-free use
of the OAM modes. The multi-layer stripline is a non-cyclic
system that could be adjusted to improve mode conversions
to a maximum of −43 dB. Here, further optimization can
be achieved by minimizing the deviation from a cyclic C′,
with e.g. additional ground conductors or ground vias. If
the remaining mode conversion can be tolerated OAM mode
systems can be used on multi-layer striplines.

VI. CONCLUSION

In this paper the implementation of the OAM mode system
on transmission lines is derived in terms of mode excita-
tion, geometric requirements, characteristic mode impedances,
mode power and matching. The voltage distribution present
at the ports of an OAM antenna array when an OAM wave
is excited is interpreted as the OAM mode and applied
to the ports of the multiconductor transmission lines. The
orthogonality of the OAM mode can be achieved by ensuring
the cyclicity of the capacitance matrix per unit length with
and without dielectric and the conductance matrix per unit
length. For a lossless, homogeneously filled conductor, only
the cyclicity of the capacitance matrix per unit length with
dielectric must be ensured. It was shown that, a transmission
line carrying OAM modes can be used to process OAM waves
and feed OAM antennas and that an OAM mode system is
the natural extension of the differential and common mode
system. This connection allows the adaption of concepts from
the differential and common mode system to the OAM mode
system or vice versa. For example, it is suspected that all OAM
modes except mode 0 are at least as robust as the differential
mode against crosstalk from other transmission lines due to
their complex phase distribution. But this has to be explored
in future work.

It is shown that the OAM mode system can be implemented
on varies conductor types with varying levels of mode con-
version. Ideally the cyclic multiconductor cable is used to
eliminated any mode conversion. For the multi-layer stripline
the mode conversion has been reduced to −43 dB. However,
to implement the OAM modes system into an OAM commu-
nication there are still questions that need to be answered. For
example, the influence of a bend, discontinuities, and vertical
connections in layered media must be investigated.

A further possible application of the proposed OAM trans-
mission lines might be in the field of high density, high speed
digital data links. Here, our proposed signaling method can
be seen as an extension to differential signaling and modal
signaling [5]. In contrast to the first our signaling is likely
to enable denser packaging and lower crosstalk due to the
orthogonal nature of OAM modes. In contrast to the latter
simpler encoding and decoding at transmit and receive side, re-
spectively, can be expected due to the equidistant phase offsets
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of the line signals. Future work will explore link performance,
space requirements, and implementation complexity of OAM
lines for this type of application.
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