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Abstract—In the field of EMC, if electromagnetic fields could
be measured with both the magnitude and the phase, i.e. in
complex value, the generation and propagation mechanisms of
emissions in electric equipment would become clear in detail,
thus more effective information would be offered for designing
circuit boards and chassis. In this paper, a technique to measure
the complex magnetic field near a circuit board using a 6-port
circuit is discussed. To examine the proposed technique, some
simulation results are shown.

Index Terms—Complex magnetic field, magnetic near-field
measurement, EMI, 6-port circuit.

I. INTRODUCTION

Electromagnetic interference (EMI) problem is due to com-
plex issues, and is one of the difficult tasks for electromagnetic
compatibility (EMC) research. The radiation source in elec-
tronic equipments may be the longest traces on a printed circuit
board (PCB), or the current flowing through the wiring of the
active component, such as the ICs. One way for considering
the radiaton mechanism from this sourse is measuring the near
magnetic field [1]-[7]．In [7]，photoelectronic elements were
used for measuring magnetic fileds. Magnetic field probes
based on Faraday’s law of induction have also been developed
based on the semiconductor technology, and put into practical
uses. In [4] and [5], an approach of estimating the electric field
from the measured magnetic fields as in the finite-difference
time-domain (FDTD) method was proposed. In [8] a method
of visualizing the Poynting and wavenumber vectors was
discussed. For estimating the power flow, the electromagnetic
fields should be measured in complex values. In [9] where
the complex electromagnetic fields near circuits board was
measured using a 6-port circuit. The 6-port has two input ports
and four output ports and the complex input voltage (current)
at the input ports are estimated from the power measured at the
output ports. This work is based on the research in [9], but
a wide-range measurement method is proposed by applying
the idea of a circuit concept, the final purpose of this rsearch
is to estimate the power flow that reveals the direction of
electromagnetic wave propagation. To examine the proposed
technique, some simulation results are shown.

II. PRINCIPLE 6-PORT BASED ON THE CIRCUIT CONCEPT

The 6-port circuit proposed by Engen [10] is a multiport
circuit, two input ports and four output ports. It is known that
6-port circuit can be used as network analyzers and correlators
[10]-[11]. The four output signals are the combinations of the
two input signals with different weighting magnitude/phase

coefficients. This allows the input complex signals to be
estimated from the analog signals (powers) measured at the
output ports. 6-port circuit is generally constructed by hybrids
and dividers. The characteristics of the hybrid circuit elements
determine the frequency characteristics and operation band of
the 6-port. In this research, a 2-input and 4-output circuit like
the conventional 6-port circuit is used, but by applying the
idea of a circuit concept, a wide-range measurement method
is proposed.

Assuming a black box with two input ports connected to
the voltage sources (signal generator) and four output ports
terminated with loads (R0 = 50 Ω in our study) for power
measurement, as shown in Fig. 1. This network aim to measure
the amplitudes and phases of the voltage sources connected
to the input ports. There is four unknowns in the voltage
sources, and this four unknowns will be estimated from the
four measured analog values (powers). In the actural cases,
one of the input ports is assumed to be reference port, and this
network estimates the amplitude ratio and phase difference.
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Fig. 1. The equivalent circuit of a 6-port.

If the impedance matrix Z of the black box is known,

V = ZI (1)

where V = [Vu, Vr, V1, · · · , V4]T , I = [Iu, Ir, I1, · · · , I4]T

are vectors of terminal voltages and currents. The input port
as reference is denoted with subscript r, and the under test port
is denoted with subscript u, and the output ports are denoted
with subscript i = 1, 2, 3, 4. The terminal condition cab be
given as

V = E − RI (2)

where R is a 6 × 6 terminal load impedance matrix with the
main diagonal elements corresponding to the load impedances
of each ports or internal impedances of the sources, and other
elements of zero, E is the terminal voltage vector which
elements are the source voltages connecting to each ports.
From (1) and (2), the terminal currents vector I are

I = (R + Z)−1E ≡ Y E (3)
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where Y is a 6× 6 admittance matrix. From (3), the currents
at the output ports can be expressed as

Ii = YirEr + YiuEu, i = 1, 2, 3, 4 (4)

Let Yiu = |Yiu|ejφiu , Yir = |Air|ejφir , and the sources Eu =
|Eu|ejθu , Er = |Er|ejθr , then (4) can be further expressed as

Ii = |Yiu||Eu|ej(φiu+θu) + |Yir||Er|ej(φir+θr) (5)

For the power at the output ports terminated with loads (R0 =
50 Ω), we have

Pi = R0IiI
∗
i = R0|Ii|2

= R0||Yiu||Eu| {cos(φiu + θu) + j sin(φiu + θu)}
+ |Yir||Er|{cos(φir + θr) + j sin(φir + θr)}|2

= R0

[|Yiu|2|Eu|2 + |Yir|2|Er|2
+ 2|Yiu||Yir||Eu||Er| {cos(θu − θr) cos(φiu − φir)
− sin(θu − θr) sin(φiu − φir)}]

≡ ai|Eu|2 + bi|Er|2 + ci|Eu||Er| cos θ

+ di|Eu||Er| sin θ (6)

where θ = θu − θr is the phase difference between the two
input sources. Let φi ≡ φiu − φir, then the coefficients in (6)
are

ai = R0|Yiu|2
bi = R0|Yir|2
ci = 2R0|Yiu||Yir| cos φi

di = −2R0|Yiu||Yir| sin φi

(7)

As long as the impedance matrix of the black box is known,
all these coefficients can be easily calculated from the above
equations. By permutation with (6) we have,⎡
⎢⎢⎣

|Eu|2
|Er|2

|Eu||Er| cos θ
|Eu||Er| sin θ

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣

a1 b1 c1 d1

a2 b2 c2 d2

a3 b3 c3 d3

a4 b4 c4 d4

⎤
⎥⎥⎦
−1 ⎡
⎢⎢⎣

P1

P2

P3

P4

⎤
⎥⎥⎦ (8)

Thus if the power at the output ports are measured, then the
amplitude ratio and phase difference between the two signal
sources can be estimated. Let⎡

⎢⎢⎣
Q1

Q2

Q3

Q4

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣

a1 b1 c1 d1

a2 b2 c2 d2

a3 b3 c3 d3

a4 b4 c4 d4

⎤
⎥⎥⎦
−1 ⎡
⎢⎢⎣

Pm
1

Pm
2

Pm
3

Pm
4

⎤
⎥⎥⎦ (9)

where Pm
i (i = 1, 2, 3, 4) are the measured power at the four

output ports respectively, then the amplitude ratio and phase
difference between the two signal sources are estimated as

|Eu|
|Er| =

√
Q1

Q2
(10)

arg(
Eu

Er
) = tan−1

(
Q4

Q3

)
(11)

Fig. 2. The block diagram of 6-port A.

Fig. 3. The block diagram of 6-port B.

III. TESTING 6-PORT CIRCUITS

For confirm the above discussions, two 6-port circuits,
denoted as 6-port A and B, have been fabricated, and the block
diagrams are shown in Figs. 2 and 3. 6-port A as shown in
Fig. 2 is based on the 6-port circuit used in [9], and the 6-port
B as shown in Fig. 3 is similar to the 6-port circuit proposed
by Engen [10]. The circuit in Fig. 3 is actually having 7 ports,
thus port 1 is always terminated with a load in our study and
the power at this port is not necessary. Both the two 6-ports
are faricated with the surface mount power splitters with the
operating frequency band of 800 to 900 MHz according to the
specifications.

For obtaining the impedance matrix of the 6-port, the
S parameters of the 6-ports are measured using a network
analyzer. The impedance matrix can be derived from the S
parameters as

Z = R0(E − S)−1(E + S) (12)

where E is a 6 × 6 unit matrix. Assuming the two inputs of
the 6-ports are of same amplitude of 10 mV, and in phase,
the power at the four ports are calculated from (6) and (12)
with the measured S parameters. Then the amplitude ratio and
phase difference between the two signal sources are estimated.
The results are shown in Figs. 4 and 5. Both the two 6-ports
estimated the amplitude ratio and phase difference well.

However, noise in the actual power measurements is un-
avoidable due to the accuracy of the measuring instruments
and the measurement errors. Thus simulations were conducted
with the power at port 2 having a 0.1 dBm measurement errors,
and the estimated results are shown in Figs. 6 and 7. One can
see 6-port A is very sensitive to the errors, both the amplitude
ratio and phase difference are not correctly estimated. On the
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Fig. 4. Simulation results for the amplitude ratio by using the measured S
paramteres of the 6-ports.
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Fig. 5. Simulation results for the phase difference by using the measured S
paramteres of the 6-ports.

other hand, 6-port B can estimate the amplitude ratio and phase
difference fairly well.

For investigating why two 6-ports have different perfor-
mances, the S parameters of the 6-ports are calculated by
assuming the power splitters being ideal devices. Then the
coefficient matrices which is used in (8) for inversion have
been calculated. For 6-port A, this matrix is

Ksa = R0 · 10−4

⎡
⎢⎢⎣

1
4

1
4

1
2 0

1
4

1
4 − 1

2 0
1
4

1
4 0 1

2
1
4

1
4 0 −1

2

⎤
⎥⎥⎦ (13)

Since this matrix is not regular and its inversion is not exist,
thus the amplitude ratio and phase difference are not correctly
estimated. On the other hand, the coefficient matrix for 6-port
B is

Ksa = R0 · 10−4

⎡
⎢⎢⎢⎣

1
4

1
6

1√
6

0
1
4

1
6 0 − 1√

6
1
4
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0 1√
3

0 0

⎤
⎥⎥⎥⎦ (14)
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Fig. 6. Simulation results for the amplitude ratio with 0.1 dBm measurement
errors at port 2.
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Fig. 7. Simulation results for the phase difference with 0.1 dBm measurement
errors at port 2.

which is regular and its inversion can be calculated. Thus the
amplitude ratio and phase difference can be estimated.

IV. DYNAMIC RANGE OF 6-PORT

One of the shortcomings of the 6-port is its low dynamic
range. In this section, the dynamic range of 6-port B is
examined based on the simulations.

In Fig. 8, the output powers are shown respect to the
amplitude ratio of the two input sources at f = 1005 MHz
for 6-port B. The input signals are assumed in phase. One can
see the powers at the output ports will remain unchanged if
the amplitude ratio of the two input sources is large. In other
words, for discriminating two signals of great difference in
amplitude, the powers should be measured with great accuracy,
which is usually impossible. Thus simulations are conducted
to examine the the dynamic range of the 6-port. Here 6-port
B in the previous section is examined.

In Figs. 6 and 7, simulations were conducted with only
the power at port 2 having measurement errors. Considering
the real situations, the powers at all the four ports were are
assumed having random measurement errors within −0.1 to
0.1 dBm, and the errors are assumed independent with each
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Fig. 8. The output powers versus the amplitude ratio of the two input sources
at f = 1005 MHz for 6-port B.

other. The simulations results for 50 random cases at f =
1005 MHz are shown in Figs. 9 and 10. The input signals
are assumed in phase. i.e., with phase difference of 0. In Fig.
9, the error between the estimated amplitude ratio and the
real amplitude ratio is graphed versus the real amplitude ratio.
One can see while the amplitude ratio is within −10 to 0 dB,
the error between the estimated amplitude ratio and the real
amplitude ratio is within ±1 dB. While the amplitude ratio
is less than −15 dB, the error will increase. From Fig. 10,
one can see while the amplitude ratio is within −20 to 0 dB,
the error of the estimated phase difference is less than ±5 ◦.
While the amplitude ratio is less than −20 dB, the error will
increase. Thus for obtaining a reliable estimated results, it is
better to keep the amplitude ratio of the two inputs with in
−20 to 0 dB.

V. CONCLUSION

Measuring the complex magnetic field by using a 6-port
circuit has been discussed. Two 6-port circuits have been
fabricated and examined, and problem in fabricating the 6-port
circuits has been clarified. The dynamic range of the 6-port
has also been investigated based on the simulations.
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