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Chirp Signal Transmission and Reception With
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Abstract—Vortex electromagnetic waves, which carry the or-
bital angular momentum (OAM), can increase channel capacity
by utilizing OAM multiplexing technology in optical field. In or-
der to fully exploit OAM mode-division multiplexing in radio do-
main, a crosstalk matrix of the communication channel between
the multi-OAM-mode transmission and reception is deduced theo-
retically in this letter. The crosstalk matrix shows that it is achiev-
able to communicate between the same OAM modes but not pos-
sible between different OAM modes. To confirm this statement, a
near-field proof-of-concept communication experiment, transmit-
ting and receiving linear frequency modulation signals with differ-
ent frequency modulation (FM) rate using uniform circular array
antenna, is then carried out. The experimental results show that the
crosstalk between different modes meets the requirements of near-
field communication. It may also be beneficial for the application
of the vortex wave for radar imaging in the future.

Index Terms—Chirp signal, multiplexing and demultiplexing,
near-field communication, orbital angular momentum (OAM), ra-
dio, vortex waves.

I. INTRODUCTION

I T IS WELL known that an electromagnetic (EM) system
can radiate linear momentum and angular momentum into

far zone. In 1992, Allen et al. [1] found that an orbital angular
momentum (OAM) was defined well in a Laguerre–Gaussian
laser mode. Analogously, OAM in radio can also induce a sus-
pended torsion pendulum to rotate [2]. An EM wave or light
beam carrying OAM also called vortex or vorticity [3]–[6] has
helical phase wavefront of ejLφ , where φ is the transverse az-
imuthal angle and L is an integer indicating the topological
charge. According to the peculiar phase properties of vortex
waves, vortex beam has a singularity along the beam axis, and
the main lobe diffuses outward as the distance increases.
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In contrast to the OAM being fully utilized for communica-
tions in the optical frequency range [7]–[10], OAM has so far
not been used to its full extent in the radio domain, except for
some simulations and proof-of-concept experiments. Numeri-
cal simulations of generating radio beams with OAM were first
performed by Thidé et al. [11] in 2007, which set off a very inter-
esting wave of research works on the OAM in radio frequencies.
Radio beams carrying the OAM can be easily generated, trans-
mitted, and measured via laboratory experiments [12]. In 2012,
Tamburini et al. carried out an experiment of information trans-
mission with radio vorticity encoding multichannel on the same
frequency in outdoor environment [13]. The results showed that
different OAM states of EM waves within the same frequency
bandwidth are orthogonal to each other in free space and can
be detected far away from transmitting antennas. A series of
experiments were described in [14] and [15] demonstrating that
it is feasible and compatible to utilize OAM beams as the carrier
of data transport or channel multiplexing.

In order to further exploit the high capacity of OAM mode-
division multiplexing in radio domain, a near-field communica-
tion experiment with OAM multiplexing inspired by [16] and
[17] is conducted in this letter. It is supposed to show that differ-
ent communication channels based on radio OAM are mutually
orthogonal in free space and each channel can carry completely
different information on the same bandwidth. To fulfill this pur-
pose, we generate and multiplex three radio vortices with dif-
ferent L values carrying chirp signals with different bandwidth
on X-band by using concentric uniform circular arrays (UCAs)
composed by back-fed horn antennas reformed from the work
presented in [18] as transmitter (TX). All three beams were
sampled by receiver (RX), the identical arrays placed at a short
distance from the TX in line of sight (LOS). Then, the crosstalk
of OAM channels is analyzed, and the received data are recov-
ered.

This letter is organized as follows. In Section II, we build a
generic model of our experiment configuration and then briefly
derive transfer function of the system, which helps us investi-
gate how signals behave from TX to RX. Several experiments
are described in Section III, i.e., generating radio OAM waves,
transmission and reception of single-frequency signals and lin-
ear frequency modulation (LFM, chirp) signals, and radio OAM
multiplexing and demultiplexing. Conclusions are drawn in
Section IV.

II. BASIC THEORY ANALYSIS

A. Formulas of the Model

In this section, a brief introduction of the experimental con-
figuration, which consists of several subsystems, is first given.
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Fig. 1. Schematic diagram of one channel of the communication link based
on radio OAM multiplexing.

Fig. 2. Diagram of two UCAs configuration. The two planes of UCAs are
parallel.

Subsequently, some formulas related to the system are deduced.
The experimental setup is shown. Fig. 1 demonstrates one chan-
nel of our multiplexing system.

Let signals generated by signal generator at the end of each
output of power divider be s. The process of phase shifting can
be expressed mathematically as follows:

tTX =
[
ejφT X , 0 , ejφT X , 1 , . . . , ejφT X , N T X −1

]
(1)

where φTX ,n = 2πLTXn/NTX (n = 0, 1, . . . , NTX − 1), LTX
is transmitting OAM mode, and NTX denotes the number of
output ports of power divider. Obviously, regarding power di-
vider and phase shifter as a system, the signals at the end of TX
can be expressed as

st = s · tTX . (2)

Due to power divider, the signal s is split into NTX signals,
i.e., st . Generally in this letter, bold lowercase letters indicate
vectors and bold uppercase letters denote matrices.

In light of the most general situation, we consider two UCAs,
where one consists of NTX elements and the other one NRX , as
shown in Fig. 2. The black solid dots represent the position of
the antenna elements, and each element is numbered.

Let the distance between TX and RX be D, and their radii are
RTX and RRX , respectively. The angle between first elements
in the two arrays is denoted as φ0 . According to the geometric
configuration, the distance between nth element in TX and mth
element in RX is

d(n,m) =
√

D2 + R2
TX + R2

RX − 2RTXRRX cos(Δφn,m )
(3)

where Δφn,m = 2πn
NT X

− 2πm
NR X

+ φ0 is the central angle of the
projection of the two elements on the array plane.

Now, let us investigate arbitrary two antennas with a distance
of r in free space. The electric field components everywhere
around a short dipole placed along z-axis and with its center at
the origin in spherical coordinate system are

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Er =
I0Lk2 cos θ e−jkr

2πε0c0

(
1

k2r2 +
1

jk3r3

)

Eθ =
I0Lk3 sin θ e−jkr

4πωε0

(
j

kr
+

1
k2r2 +

1
jk3r3

) (4)

using the notation in [19].
In our experiment, RX is placed in radiating near-field (Fres-

nel) region, i.e., r < 2A2/λ, where A is the total aperture of TX
and RX. However, the distance between TX and RX satisfies
kr ≈ 321.7 � 1. The terms including 1/(kr)2 and 1/(kr)3 in
(4) can thus be neglected in favor of the terms in 1/(kr), hence
the transfer function from transmitting antenna to receiving an-
tenna then can be written as

h(r) = β
1

4πrλ
e−jkr (5)

where β is normalized factor. Substituting (3) into (5) and rep-
resenting h(d(n,m)) as hn,m , the transfer matrix from TX and
RX can be expressed as

H =

⎡

⎢
⎢
⎣

h0,0 h0,1 · · · h0,NR X −1
h1,0 h1,1 · · · h1,NR X −1

...
...

. . .
...

hNT X −1,0 hNT X −1,1 · · · hNT X −1,NR X −1

⎤

⎥
⎥
⎦. (6)

Consequently, the signals RX received are

sr = stH. (7)

The process of phase shifting at receiving end is

tRX =
[
ejφR X , 0 , ejφR X , 1 , . . . , ejφR X , N R X −1

]H
(8)

where φRX ,m = 2πLRXm/NRX (m = 0, 1, . . . , NRX − 1) and
[·]H denotes conjugate transpose or Hermitian transpose. The
synthesized signal then has the following form:

ss = sr tRX = stTXHtRX (9)

where subscript s in ss means “synthesized” and the NRX sig-
nals sr thus become one signal ss , which is different from the
initial signal s.

B. OAM Multiplexing and Demultiplexing Analysis

In order to understand the relationship between ss and s, let
us define

σ = tTXHtRX (10)

which is called the transformation factor, and thus ss = sσ.
Obviously, σ is determined by the system parameters, such as
the number of antenna elements, the distance of TX and RX,
etc. According to (1), (6), and (8) and ignoring the amplitude
factor, it is not difficult to get

σ =

{
σLT X ,LR X , if LTX = LRX

0, if LTX �= LRX
(11)
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Fig. 3. Diagram of TX and RX. CA: central antenna; IA: inner array; OA:
outer array.

where σLT X ,LR X is complex, nonzero, and strongly related to
system parameters. The subscript indicates the OAM mode of
transmitting and receiving.

Given that a special antenna configuration shown in Fig. 3
consists of a single central antenna and two concentric UCAs.
Then, three OAM beams with three different modes are gener-
ated and copropagate in free space from TX to RX.

According to (11), transformation factor matrix of the antenna
configuration can be expressed as following:

Σ =

[
σ0,0 σ0,1 σ0,2
σ1,0 σ1,1 σ1,2
σ2,0 σ2,1 σ2,2

]

=

[
σ0,0 0 0
0 σ1,1 0
0 0 σ2,2

]

(12)

where Σ is a diagonal matrix, where diagonal elements are
nonzero, and zero otherwise. It must be stated that the effects
of noise are ignored in all the previous analyses. For practical
needs, we define an indicator, named “relative average crosstalk
(RAC)” and denoted by C, to evaluate crosstalk of the system,
i.e.,

C = 20 log10

(∑
i �=j Σ/6

∑
i=j Σ/3

)

. (13)

Obviously, if there is no noise, C = −∞. Furthermore, the
smaller C is, the lower RAC is, hence the better communica-
tion performance is.

If the signals radiated by TX are sg = [s0 , s1 , s2 ], then signals
received by RX become

sv = sgΣ = [s0σ0,0 , s1σ1,1 , s2σ2,2 ] . (14)

As it can be seen from (14), when s0 , s1 , and s2 carry different
information, they can be received and distinguished simulta-
neously via configuring different receiving strategies. After a
simple analysis mentioned earlier, it is straightforward to show
that the whole proposed system can demultiplex transmitted
signals based on OAM multiplexing in hardware level rather
than software level. In Section III, some experiments were con-
ducted based on chirp signals on X-band, which are widely used
waveforms in radar field.

III. EXPERIMENTS

A. Experimental Setup

In our experiment, as shown in Fig. 1, the chirp signals are
generated by means of arbitrary waveform generator (AWG),
modulated by mixer to X-band and divided into multiple signals
with equal power by power divider. To generate the desired

Fig. 4. (a) Photograph of the experimental setup. TX and RX in the picture
were placed closer to each other for photographing conveniently. AWG: Ar-
bitrary waveform generator; HFS: High-frequency source; OSC: Oscilloscope;
PD: power divider; PC: power combiner. (b) Antenna element and its size pa-
rameters. (c) Elements configuration of TX and RX. (d) Photograph of TX.

OAM mode, the phase shifter delays each adjacent signal with a
particular phase, 45◦ for L = 1, 90◦ for L = 2, etc. EM vortices
carrying different OAM modes are radiated into free space via
TX, and then inducted by RX. The elements of TX and RX are
back-fed rectangle waveguides with height of 90.00 mm, length
of 22.86 mm, and width of 10.16 mm, which are operated at X-
band with 40% relative bandwidth, horizontal polarization, and
sidelobe level of − 1.86 dB. Using phase shifter, we shift phases
of received signals with −L mode to “grasp” the desired OAM
mode. After demodulation, the signal is recorded by the data
acquisition recorder, such as a high sampling rate oscilloscope.
The experimental configuration is shown in Fig. 4.

Different lengths of coaxial cables with SMA connector
are applied to implement phase shifting. The operating fre-
quency of the coaxial cables is 9.6 GHz, but bandwidth of
the chirp signals transmitted is a maximum of 100 MHz.
Therefore, there is a dispersion effect during transmission.
The length of coaxial l is designed to delay phase of 45◦ on
fc = 9.6 GHz, i.e., 2πfc/c · l = π/4. Thus, the phase error
caused by Δf = 100 MHz bandwidth can be expressed as

Δϕ = 2πΔf/c · l ≈ 0.01 · π/4 ≈ 0.47◦. (15)

The phase error is small enough that it can be ignored, which
can be verified from the near-field maps in Section III-B.

B. Near-Field Maps

In order to verify that the vortex wave was generated correctly,
near-field maps of the elaborate antennas were measured first.
The transmitting antennas were excited vortex beams of L =
0, 1, and 2 modes, respectively. On the receiving plane, a probe
antenna placed at D = 1.6 m distance from the TX, moved
along a 0.8 m × 0.8 m rectangle area, whose center was right
on axis of the vortex beams, with a resolution of 4 mm.

The experimental results are reported in Fig. 5. Not surpris-
ingly, the measured intensity and phase distributions are in good
agreement with vortex characteristics described in [11]. It con-
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Fig. 5. Normalized magnitude (top row) and phase (bottom row) of near
electric field measured by the probe antenna, which represents L = 0, 1, and
2-modes from left to right. (a) Magnitude, CA, L = 0. (b) Magnitude, IA, L
= 1. (c) Magnitude, OA, L = 2. (d) Phase, CA, L = 0. (e) Phase, IA, L = 1.
(f) Phase, OA, L = 2.

Fig. 6. One pulse from the chirp signals displayed on the oscilloscope. (a)–(c)
Represents signal received from CA (L = 0), IA (L = 1), and OA (L = 2),
respectively.

firms that the TX successfully generated vortex EM wave in
near-field area. From the results, we can again verify the basic
properties of the vortex beam, i.e., the helical phase wavefront
and the increasing singularity at the center of beams.

C. Chirp Signal Transmission Experiment

A novel experiment, chirp signals transmission based on
OAM multiplexing, was performed to demonstrate the ability
to multiplex. Three different chirp signals, carrying different
information (actually different FM rates, i.e., K0 , K1 , and K2)
with a 50% duty cycle but the same carrier frequency, were gen-
erated, multiplexed based on different OAM modes (L = 0, 1,
and 2), and radiated to the free space via TX simultaneously. The
RX was placed 1.6 m away from the TX in LOS and carefully
aligned, because a slight misalignment (off-axis or tilt angle)
will cause a very large crosstalk. Particularly in our experi-
ment, 2.2 cm or 0.98◦ misalignment lead to about 10 dB inter-
ference. Then, the received signals were phase-shifted, down-
converted to an intermediate frequency fI = 750 MHz, and
finally recorded by an oscilloscope.

Fig. 6 shows one pulse from the received chirp signals dis-
played on the oscilloscope. It can be seen that the signal is on
50% of the pulse period, and the amplitude of signals degrades
from CA to OA. To some extent, it reflects the divergence of
vortex beam with increasing L.

By using digital signal processing technology, the interme-
diate frequency was removed first and each chirp signal was
correlated with corresponding matched filters. The results of
pulse compression are shown in Fig. 7, and the maximums of
all results are regarded as σi,j , where i and j represent the de-
sired and received OAM mode, respectively. The RAC obtained

Fig. 7. Experimental pulse compression results of using different matched
filters. (a)–(c), (d)–(f), and (h)–(j) indicate the signal received by the CA, IA,
and OA, respectively. gi denotes the complex conjugate of si . (a) CA filtered
with g0 . (b) CA filtered with g1 . (c) CA filtered with g2 . (d) IA filtered with g0 .
(e) IA filtered with g1 . (f) IA filtered with g2 . (g) OA filtered with g0 . (h) OA
filtered with g1 . (i) OA filtered with g2 .

by the crosstalk matrix is Cexp = −15.0 dB, which meets the
requirements of near-field OAM multiplexing communication.

The results show that the receiving antenna can separate these
multiplexing signals well without any complicated digital de-
multiplexing technology. This means that in the same near-field
communication channel, OAM multiplexing is feasible in radio
domain and does increase channel capacity without increasing
signal bandwidth. However, the system is hard to apply in a
practical far-field scene due to the divergence of vortex beams
unless using a sufficient power [13]. On the other hand, the
OAM mode number is limited by the number of antenna ele-
ment of UCA because of sampling theorem [11], which greatly
limits the application of OAM beams. Therefore, an elaborate
metasurface to generate [20] and detect [21] vortex waves with
arbitrary OAM modes is becoming promising in the future.

IV. CONCLUSION

In this letter, a novel experiment was proposed to show the
feasibility of communication based on the radio OAM multi-
plexing technology, via analyzing theoretically, and carrying
out in anechoic chamber. The measured two-dimensional pla-
nar near patterns show excellent vortex properties. Then, an
experiment of chirp signals multiplexing on radio OAM was
conducted, and the results proved that receiving antenna can re-
trieve the corresponding vortex mode in free-space filling with
a mixed multi-OAM-mode. This means that the signals multi-
plexed based on radio OAM can be correctly demultiplexed in
free space.

The OAM multiplexing experiment of chirp signal in this
letter not only confirms the feasibility of OAM multiplexing
technology in radio domain and thus increases the capacity of
radio communication on the same bandwidth, but also paves
the way for the application of vortex waves in radar field, espe-
cially synthetic aperture radar (SAR) field [22], [23]. In order
to effectively apply the vortex wave to radar field, the scattering
of vortex beams by typical targets needs further analysis and
research.
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