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Abstract

Three-loop antenna systems (TLASs) are one of the few
sensors with the ability to simultaneously detect centrally
located electric and magnetic dipole moment vectors. The
theory of TLASs ignores the presence of ground planes
and assumes that the responses comprise those of single
dual-loaded loops in isolation. This paper investigates the
ground plane proximity effects for the cases of centrally
located electric or magnetic dipole moment sources, as a
function ground plane separation distance. It is shown
through simulations that the responses of the TLAS sensor
are not significantly affected by the presence of a ground
plane which is parallel to one of the loops. The only ap-
preciable impact is that the margin of the source type dis-
crimination decreases as the ground plane approaches the
TLAS.

1 Introduction

Three-Loop antenna systems were first proposed as a sen-
sor capable of simultaneously detecting all six electromag-
netic field components, i.e. three electric and three mag-
netic [2]. In a rich multipath environment these components
are independent. Shortly after its introduction, TLASs were
shown to be able to detect centrally located electric or mag-
netic dipole moment vectors [3]. The theory of operation
of a TLAS assumes that the responses of a dual-loaded
loop sensors [1] are the same as a single loop in isolation.
The scattering and mutual coupling between the orthogo-
nal dual-loaded loops in a TLAS is ignored [4], as well as
the potential effects of nearby ground planes. The perfor-
mance change of van Veen loops (i.e. a magnet moment
sensor) due to an semi-anechoic chamber has been investi-
gated [5]. However, since the proximity of ground planes
are unavoidable in practical deployments of TLASs, further
investigation into their potential effects on the performance
of TLASs is warranted.

This paper presents simulation results investigating how the
presence of a nearby ground plane affects the response of
a TLAS with centrally located electric or magnetic dipole
moment sources. An infinite ground plane is located per-
pendicular to one of the Cartesian axis and the separation
distance between a TLAS and a ground plane is varied. The

experiment was repeated for the cases of when the ground
plane was perpendicular to the other Cartesian axes. For
this arrangement, it is shown that the ground plane has little
effect on the performance.

2 Theory

This section summarizes the theory of the response of dual-
loaded loops to plane wave and dipole moment sources.
Throughout this paper complex notation is used and the
time harmonic factor, e jωt , has been suppressed. The posi-
tive current direction is φ -direction.

2.1 Dual-loaded Loop Sensor Response to a
General Electric Field

The sum and difference currents through the loads of an
electrically small loop can be approximated in terms of the
Fourier series coefficients of the tangential electric field on
the loop [6],

IΣ = I(φ = 0)+ I(π) = 2I0 ≈− 4πRY0

1+2ZLY0
f0, (1)

I∆ = I(0)− I(π) = 2(I1 + I−1)≈− 2πRY1

1+2ZLY1
( f1 + f−1),

(2)

where R is the loop radius, ZL is the load impedance of the
ports, Yn is the loop port admittance of the nth current mode,
and fn is the Fourier series nth coefficient of the Fourier
series expansion of the tangential electric fields along the
wire loop.

2.1.1 Response to electric and magnetic dipole mo-
ments at the origin

Electric and magnetic dipole moments located at the origin,
can be expressed, respectively, as

mmme = I `̀̀ = me,xx̂xx+me,yŷyy+me,zẑzz, (3)
mmmm = Iaaa = mm,xx̂xx+mm,yŷyy+mm,zẑzz, (4)

where me j and mm j are the components of the electric and
magnetic dipole moment along the jth coordinate, respec-
tively, I is the current amplitude, `̀̀ is the electric dipole’s
incremental length vector, and aaa is the magnetic dipole’s



incremental area vector in the direction normal to the loop
(following the “right-hand rule" convention.)

For a z-directed loop (i.e. centered on the origin within
the xy-plane) with loads along the x-axis, the sum and dif-
ference currents are related to the components of the mo-
ments [6], as

IΣ = I(0)+ I(π) =−4πRY0Gm

1+2Y0ZL
mm,z, (5)

I∆ = I(0)− I(π) =− 2πRY1Ge

1+2Y1ZL
me,y, (6)

where

Gm =
η

4π

(
k2

R
− jk

R2

)
e− jkR, (7)

Ge =− η

4π

(
jk
R

+
1

R2 +
1

jkR3

)
e− jkR. (8)

2.1.2 Full Electromagnetic Vector Sensor

Using three mutually orthogonal loops, and ignoring scat-
tering and mutual impedance, allows for the detection of
all six independent electromagnetic components (i.e. three
electric intensity components and three magnetic intensity
components.) The orientation of the loops are with ref-
erence to the normal vector, following the right-hand rule
with respect to the loop current. For example, Iz(φ) is the
current through a loop in the xy-plane with the current cir-
cling the positive z-axis in a counter-clockwise direction.
The orientation of the antipodal ports will be referenced
through a unit vector pointing to the port 1 location. For ex-
ample, pppz,1 =

[
1,0,0

]T denotes that port 1 of the z-directed
loop is along the x-axis.

For centrally located moment sources,

mmmm =− (1+2Y0ZL)

4πbGmY0
IIIΣΣΣ, (9)

mmme =− (1+2Y1ZL)

2πbGeY1
PPPπππ III∆∆∆. (10)

where PPPπππ is the permutation matrix where the ithrows con-
tain the port 1 unit vector of the ith Cartesian coordinate
directed loop,

PPPπππ =

pppT
x,1

pppT
y,1

pppT
z,1

=

0 1 0
0 0 1
1 0 0

 (11)

IIIΣΣΣ = (I(1)x + I(2)x )x̂xx+(I(1)y + I(2)y )ŷyy+(I(1)z + I(2)z )ẑzz, (12)

III∆∆∆ = (I(1)x − I(2)x )x̂xx+(I(1)y − I(2)y )ŷyy+(I(1)z − I(2)z )ẑzz, (13)

and I(1)i and I(2)i are the currents in port 1 and port 2 of the
i-directed loop, respectively.

(a) TLAS model

1.2mm

0.1mm

(b) Magnetic dipole model

1mm

(c) Electric dipole model

Figure 1. (a) Simulation model used to compare the re-
sponse of a TLAS in isolation versus in the presence of a
ground plane. The loop radii were R = 0.5m and the loop
wire radii rw = 1cm. For each case, the loops were off-
set so that they were separated by a loop wire radius rw.
The source was either a centrally located electric or mag-
netic dipole. (b) Electric dipole model. (c) Magnetic dipole
model.

3 Experimental Results

TLAS ground plane proximity effects were investigated us-
ing CST Microwave Studio time-domain simulations [7].
A TLAS, with either a centrally located electric or mag-
netic dipole moment source, was simulated in freespace
with open boundaries and compared against the TLAS re-
sponse with the presence of a Perfect Electric Conductor
(PEC) ground plane at one of the Cartesian boundaries. The
ground plane distance from the TLAS was varied, and the
experiment was repeated with the PEC ground located at
a different Cartesian boundary. The simulation model can
be seen in Fig. 1. The z-directed loop, i.e. the loop within
the xy-plane, was used for all the comparisons, with a fixed
loop wire radius of 1cm and the loop radius R = 0.5m. The
port impedances were all ZL = 315Ω and the port gaps were
fixed at h = R/50. The loops were offset such that their
separation distance from the other loops were a loop wire
radius.



3.1 Dipole Moment Sources

The dual-loaded loop currents were simulated using a cen-
trally located electrically small dipole source, with and
without the presence of a PEC ground plane. The cen-
trally located source was either a small magnetic or electric
dipole, each modelled using CST’s discrete current source
ports. For each dipole source, the ground plane separation
distance to the TLAS was varied and compared against the
response with open boundaries.

3.1.1 Magnetic Dipole Moment

The electrically small magnetic dipole moment source, as
shown in Fig. 1b, was modelled as a square loop with
1.2mm long edges and width of 0.1mm. The magnetic
dipole was located at the center of the z-directed loop and
excited with a 1A discrete current port. Figure 2 shows the
difference in the response of a TLAS to a magnetic dipole
when a PEC ground plane is present compared to when
the boundaries are open. Figure 2a shows that the pres-
ence of the ground plane has little impact (< 0.6dB) on the
detection of a centrally located magnetic dipole moment.
Figure 2b shows that discrimination margin decreases as
the ground plane separation distance decreases. A small
discrimination margin leads to a decreased ability to dis-
cern between magnetic and electric dipole moment sources.
TLASs are typically used over a frequency range where the
loops are electrically small (i.e. kb < 0.1), so at kb = 0.1
the discrimination margin can be seen to degrade by 26dB
in the worst case ground plane orientation (i.e. perpendicu-
lar to the x-axis, from 64dB to 38dB).

3.1.2 Electric Dipole Moment

The electrically small electric dipole moment was modelled
as a 1mm long constant 1A current source, located at the
center of the z-directed loop. Figure 3 shows the difference
in the response of TLAS to the electric dipole in the pres-
ence of a PEC ground plane compared to open boundaries.
Figure 3a shows that the presence of the ground plane has
little impact (< 0.8dB) on the detection of a centrally lo-
cated electric dipole moment. Again, the main impact on
the performance from the proximity of the ground plane
is the source discrimination margin. Figure 3b shows that
discrimination margin decreases as the ground plane sepa-
ration distance decreases. At kb = 0.1, the discrimination
margin can be seen to degrade by 27dB in the worst case
ground plane orientation (i.e. perpendicular to the x-axis,
from 59dB to 32dB).

4 Conclusion

In practical applications, one or more ground planes will be
in proximity of deployed TLASs. The theory of TLASs as-
sumes that the performance of each loops is that of a loop
in isolation. This paper investigated the effects of nearby
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Figure 2. Response on the z-directed loop within a TLAS
to a centrally located z-directed magnetic dipole source.
(a) The current I(GND)

Σ
when PEC ground planes located

a distance dsep from the TLAS normalized to the current
response of the TLAS with open boundaries, I(open)

Σ
. The

ground planes were either perpendicular to the x, y, and
z-axis. (b) The current I(GND)

∆
when PEC ground planes

located a distance dsep from the TLAS normalized to the
I(open)
Σ

current response of the TLAS with open boundaries.
The ground planes were either perpendicular to the x, y,
and z-axis. As shown, I(GND)

∆
increases relative to I(open)

Σ

(within 26dB at kb= 0.1) for magnetic dipole sources when
the PEC ground plane is perpendicular to the x-axis and is
close to the TLAS.
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Figure 3. Response on the z-directed loop within a TLAS
to a centrally located y-directed electric dipole source. (a)
The current I(GND)

∆
when PEC ground planes located a dis-

tance dsep from the TLAS normalized to the current re-
sponse of the TLAS with open boundaries, I(open)

∆
. The

ground planes were either perpendicular to the x, y, and
z-axis. (b) The current I(GND)

Σ
when PEC ground planes

located a distance dsep from the TLAS normalized to the
I(open)
∆

current response of the TLAS with open boundaries.
The ground planes were either perpendicular to the x, y, and
z-axis. As shown, I(GND)

Σ
can become appreciable to I(open)

∆

(within 27dB at kb = 0.1) for electric dipole sources when
the PEC ground plane is perpendicular to the x-axis and is
close to the TLAS.

PEC ground plane on the performance of TLASs when re-
ceiving from centrally located electric or magnetic dipole
sources. Simulation results show that nearby ground planes
have little impact on the performance of TLASs. The cur-
rent responses in the presence of a ground are shown to be
within 1dB from the response with open boundaries. How-
ever, the source discrimination can degrades as the ground
plane approaches the TLAS although, even for the worst
case orientation, maintains greater than 30dB discrimina-
tion.

Acknowledgement

We acknowledge the support of the Natural Sciences and
Engineering Research Council of Canada (NSERC), [fund-
ing reference number CGSD2-535282-2019].

Cette recherche a été financée par le Conseil de recherches
en sciences naturelles et en génie du Canada (CRSNG),
[numéro de référence CGSD2-535282-2019].

References

[1] H. Whiteside and R. King, “The loop antenna as a
probe,” IEEE Transactions on Antennas and Propaga-
tion, vol. 12, no. 3, pp. 291–297, May 1964.

[2] M. Kanda, “An electromagnetic near-field sensor for si-
multaneous electric and magnetic-field measurements,”
IEEE Transactions on Electromagnetic Compatibility,
vol. EMC-26, no. 3, pp. 102–110, Aug 1984.

[3] M. Kanda and D. A. Hill, “A three-loop method for de-
termining the radiation characteristics of an electrically
small source,” IEEE Transactions on Electromagnetic
Compatibility, vol. 34, no. 1, pp. 1–3, Feb 1992.

[4] C. G. Hynes and R. G. Vaughan, “Loop proximity ef-
fects in three-loop antenna systems,” (unpublished).

[5] J. McLean, H. Sako, A. Medina, and R. Sutton, “Op-
eration of the van Veen loop in a shielded chamber,”
in 2013 IEEE International Instrumentation and Mea-
surement Technology Conference (I2MTC), 2013, pp.
1567–1572.

[6] C. G. Hynes and R. G. Vaughan, “Electromagnetic loop
sensor,” in General Assembly and Scientific Symposium
(GASS) of the International Union of Radio Science,
Rome, Italy, 2020.

[7] Dassault Systems. (2020) CST Microwave Stu-
dio. [Online]. Available: https://www.3ds.com/
products-services/simulia/products/cst-studio-suite/


