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PAPER
Extended S-Parameter Method for Measuring Reflection and
Mutual Coupling of Multi-Antennas

Takashi YANAGI†a), Toru FUKASAWA†, and Hiroaki MIYASHITA†, Members

SUMMARY In this paper, a measurement method for the impedance
and mutual coupling of multi-antennas that we have proposed is summa-
rized. Impedance and mutual coupling characteristics are obtained after
reducing the influence of the coaxial cables by synthesizing the measured
S-parameters under the condition that unbalanced currents on the outside
of the coaxial cables are canceled at feed points. We apply the proposed
method to two closely positioned monopole antennas mounted on a small
ground plane and demonstrate the validity and effectiveness of the proposed
method by simulation and experiment. The proposed method is signifi-
cantly better in terms of the accuracy of the mutual coupling data. In the
presented case, the errors at the resonant frequency of the antennas are only
0.5 dB in amplitude and 1.8◦ in phase.
key words: S-parameter method, multiport antennas, impedance, mutual
coupling, measurement

1. Introduction

Traditionally, a vector network analyzer (VNA) is used to
measure antenna characteristics. Coaxial cables are con-
nected between the measurement ports of the VNA and an-
tennas in most cases. When a coaxial cable is connected
to an antenna, an unbalanced current may be induced on
the outside of the cable and can cause measurement errors.
These errors become larger when both the antenna and the
ground plane on which the antenna is mounted are electri-
cally small. Therefore, the cables connected to antennas re-
quire careful handling.

Ferrite chokes [1] and balun chokes [2] are well-known
devices used for reducing the influence of currents on the
outside of cables. However, use of these chokes presents
some issues. In the former case, power absorption in ferrite
chokes attached to coaxial cables causes changes in the re-
flection and transmission characteristics. In the latter case,
wideband measurement cannot be performed at one time be-
cause the operation of balun chokes is based on the res-
onance characteristics of one quarter wavelength and the
bandwidth is limited in principle. Additionally, in the case
in which a number of antennas are closely-positioned, these
chokes may not be able to be used for the measurement of
mutual coupling caused by physical interference.

Another method for eliminating the influence of coax-
ial cables is to use fiber optics instead of metallic coaxial
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cables [3], [4]. In this case, an optical to electric (o/e) con-
verter is required; it is mounted on the chassis on which the
antennas are mounted. If the size of the chassis is smaller
than the wavelength of interest, the influence of the o/e con-
verter cannot be ignored [5].

The S-parameter method achieves frequency-indepen-
dent measurements for balanced antennas [6], [7]. Two
coaxial cables are connected to each element of the dipole
and the full two-port S-parameters are measured. The
impedance of the balanced antenna can be obtained by syn-
thesizing these S-parameters under the condition that the un-
balanced currents on the outside of the coaxial cables are
canceled at the feed point. Thus, the S-parameter method
has some advantages over the above-mentioned methods.
First, the S-parameter method requires no additional equip-
ment, other than two coaxial cables. Second, accurate mea-
surements can be performed over a wide frequency range.
Therefore, this method is useful for measurement of many
kinds of antennas. Much research on the S-parameter
method has been reported in recent years [8]–[12]. Further-
more, the S-parameter method has been applied not only to
impedance measurements but also to radiation efficiency, ra-
diation pattern, and actual gain measurements [5], [13].

The above-mentioned methods using the S-parameter
method have only been applied to single-antenna measure-
ments. However, the characteristics of multiport antennas
is also important. There are many applications in which a
number of antennas are mounted on a small chassis, such
as mobile phones and wireless LAN cards. Recently, a
decoupling and matching circuit has been used to reduce
mutual coupling between closely positioned antennas [14]–
[16]. When designing a decoupling and matching circuit, it
is crucial that the amplitude and phase of reflection and the
mutual coupling of antennas be measured accurately.

We have proposed an extended S-parameter method
(ESPM) for the accurate measurement of reflection and mu-
tual coupling of two or more antennas using the S-parameter
method [17], [18]. In this paper, the principle and the for-
mulation of the ESPM for reflection and mutual coupling
measurement of multiport antennas are summarized and the
validity of the proposed method is confirmed by both sim-
ulations and measurements. In Sect. 2, the ESPM for re-
flection and mutual coupling of multiport antennas is for-
mulated. In Sect. 3, the validity of the proposed method is
confirmed by simulation in the case in which two different
monopole antennas are mounted on a same small chassis.
In Sect. 4, measurement results for the reflection and mu-
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tual coupling characteristics of two small, strongly coupled
monopole antennas are presented. The effectiveness of the
proposed method is clarified by performing a comparison
with the conventional method.

2. Extended S-Parameter Method for Multiport Mea-
surement

In this section, a formulation of an ESPM applied to reflec-
tion and mutual coupling measurement for multiport anten-
nas is described.

Consider the case in which small n-element antennas
are mounted on a small ground plane, as shown as Fig. 1.
Two coaxial cables are connected to the antenna element
and the chassis at the feed point of each antenna. Figure 2
shows the measurement model for the S-parameter method
at the k-th antenna element (k = 1, 2, . . . , n). The outer con-
ductors of each pair of coaxial cables are electrically con-
nected near each feed point of the antennas. Here, we refer
to the output port of each coaxial cable as a “coaxial cable
port.” The coaxial cable ports connected to the chassis and
the element of ANT # k are refered to as Port: 2k − 1 and
Port: 2k, respectively. In this case, the n-element antenna
system can be expressed as a 2n-port network. The incident
waves at Port: 2k − 1 and Port: 2k are defined as a2k−1 and
a2k; and the reflected waves at Port: 2k − 1 and Port: 2k are
defined as b2k−1 and b2k (k = 1, 2, . . . , n), respectively. Fur-
thermore, the port voltages are defined as v2k−1 and v2k. The
port currents are defined as i2k−1 and i2k.

The incident waves, reflected waves, and S-parameters
are related as follows:

B = ScA, (1)

where Sc is the scattering matrix of the 2n-port network, A
is a column vector in which the elements are the incident
waves at each port, and B is a column vector in which the
elements are the reflected waves at each port. The super-
script “c” means the “coaxial cable port.”

The condition under which the currents on the outside
of two cables cancel each other is expressed below.

i2k−1 = −i2k (k = 1, 2, . . . , n) (2)

If the characteristic impedance is normalized to 1, the cur-
rents and voltages can be expressed as follows:

il = al − bl (l = 1, 2, . . . , 2n) (3)
vl = al + bl (l = 1, 2, . . . , 2n). (4)

From Eqs. (2) and (3), the following relationship can be ob-
tained.

a2k−1 + a2k − b2k−1 − b2k = 0 (k = 1, 2, . . . , n) (5)

On the other hand, we can define the ports between
the chassis and each antenna element. Here, we refer to
them as “antenna port.” The port voltage, port current, inci-
dent wave and reflected wave corresponding to the antenna

Fig. 1 n-element antenna system.

Fig. 2 Measurement model for the S-parameter method.

port are indicated by uppercase letters in order to distinguish
them from the coaxial cable ports, as shown in Fig. 2. The
port voltage VK and port current IK are related to a and b by
the following equations.

VK = v2k − v2k−1 = (a2k − a2k−1) + (b2k − b2k−1)
(k = K = 1, 2, . . . , n) (6)

IK = i2k = a2k − b2k (k = K = 1, 2, . . . , n) (7)

Therefore, the incident wave AK and the reflected wave BK
are represented as shown below.

AK =
VK + IK

2
=
−a2k−1 + 2a2k − b2k−1

2
(k = K = 1, 2, . . . , n) (8)

BK =
VK − IK

2
=
−a2k−1 − b2k−1 + 2b2k

2
(k = K = 1, 2, . . . , n) (9)

When S c
1,m, S

c
2,m, . . . , S

c
n,m are to be measured, antenna

ports except Port: M (corresponding to ANT # m) are set
up as non-reflective terminations. Therefore, the following
condition must be applied.

AK = 0 (K = 1, 2, . . . , n,K,m) (10)
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From Eqs. (8) and (10), we obtain

−a2k−1+2a2k −b2k−1 = 0 (k = 1, 2, . . . , n, k,m). (11)

Thus, 4n − 1 equations are defined on the basis of
Eqs. (1), (5), and (11). Because the number of unknowns
is 4n (a1, . . . , a2n, b1, . . . , b2n), we can solve the system of
equations by normalizing the other unknowns using one cer-
tain unknown. Here, we choose a2m−1, which corresponds to
the incident wave at the measured port, as the unknown to
normalize. The normalized unknowns are indicated by the
symbol “â.” In this case, Eqs. (1), (5), and (11) are rewritten
as follows:

2n∑
j=1

(1 − δ2m−1, j)S c
i, jâ j − b̂i = −S c

i,2m−1

(i = 1, 2, . . . , 2n) (12)

â2m − b̂2m−1 − b̂2m = −1 (13)

â2k−1+â2k−b̂2k−1−b̂2k = 0 (k = 1, 2, . . . , n, k,m) (14)

−â2k−1 + 2â2k − b̂2k−1 = 0 (k = 1, 2, . . . , n, k,m) (15)

âi = ai/a2m−1, b̂i = bi/a2m−1 (i = 1, 2, . . . , 2n) (16)

The matrix equation can be defined by combining Eqs. (12)–
(15), as shown below.S

c′ −I2n
W X
Y Z


[
A′
B′
]
=

−Sc
2m−1
P

On−1

 (17)

The elements of the partial matrices in Eq. (17) are described
in the appendix.

The reflection coefficient at Port: M, namely, S a
mm,

and the transmission coefficient from Port: M to Port: K,
namely, S a

km, can be respectively defined using Eqs. (8) and
(9) as follows:

S a
mm =

Bm

Am
=
−1 − b̂2m−1 + 2b̂2m

−1 + 2â2m − b̂2m−1
(m = 1, 2, ..., n)

(18)

S a
km =

Bk

Am
=
−â2k−1 − b̂2k−1 + 2b̂2k

−1 + 2â2m − b̂2m−1

(k = 1, 2, . . . , n,m = 1, 2, . . . , n, k,m) (19)

where the superscript “a” indicates the “antenna port.” Be-
cause all values of â and b̂ can be obtained by solving the
matrix equation defined by Eq. (17), the reflection coeffi-
cient and the transmission coefficient of all antennas can be
calculated from Eqs. (18) and (19).

3. Confirmation of Formulation by Simulation

In this section, we present a simulation that was performed
to confirm the validity of the formulae derived in Sect. 2.
Simulated models are shown in Fig. 3(a) and (b). Two

Fig. 3 Simulated models for (a) conventional method and (b) S-
parameter method.

monopole antennas are mounted on each edge of a small
ground plane (40 mm × 40 mm). The length of ANT # 1 is
set to 75 mm to resonate at 950 MHz. The length of ANT # 2
is 38 mm and its resonant frequency is 1.5 GHz. Conductor
blocks, which correspond to coaxial cables, are included in
the simulated models. In the simulation of the conventional
method, the conductor blocks are connected to the ground
plane near each antenna. Port 1 and port 2 are defined be-
tween the ground plane and each antenna element as shown
in Fig. 3(a). On the other hand, the conductor blocks are
separated from the ground plane. Ports 1 to 4 are defined as
the output port of each coaxial cable as shown in Fig. 3(b).
The lengths of the coaxial cables are assumed to be infinite.
In this simulation, all conductors are assumed to be perfect
conductors. Here, the ideal model without the coaxial cables
is treated as a reference solution, and the comparison results
of the conventional method and the proposed method are
shown.

Figure 4 illustrates the simulation results of the reflec-
tion characteristics. The markers in Fig. 4(a) indicate the



2198
IEICE TRANS. COMMUN., VOL.E99–B, NO.10 OCTOBER 2016

Fig. 4 Simulation results of reflection characteristics for (a) Antenna 1
and (b) Antenna 2.

resonant frequency of ANT # 1, at 950 MHz, and those in
Fig. 4(b) indicate the resonant frequency of ANT # 2, at
1.5 GHz. In the case of ANT # 1, the impedance locus of
the conventional method is different from the reference so-
lution. This means that the accuracy degrades because of
the influence of the coaxial cables. On the other hand, it is
confirmed that the accuracy is improved in the case of the
proposed method. The calculated result for the proposed
method is not exactly the same as the reference solution, be-
cause scattering caused by the influence of the coaxial cable
remains [5].

The simulation results for the mutual coupling between
ANT # 1 and ANT # 2 are shown in Fig. 5. In the con-
ventional method, the error is increases with decreasing fre-
quency. The worst amplitude error (of 3.1 dB) and the worst
phase error (of 11.0◦) are observed. Meanwhile, both the
amplitude results and the phase results are in good agree-
ment with the reference solution. The amplitude error at
950 MHz is 0.3 dB.

We confirmed that the influence of the unbalanced cur-
rent on the outside of the coaxial cable can be suppressed
using the proposed method.

Fig. 5 Simulation results of mutual coupling between ANT #1 and ANT
#2 for (a) amplitude and (b) phase.

4. Measurement Results

This section presents application of the proposed method to
actual measurement for the small antennas and demonstra-
tion of its effectiveness. Figure 6 shows the configuration
of the measured model. Two electrically small monopole
antennas are mounted on an FR-4 substrate of dimensions
45 mm × 40 mm. The permittivity and loss tangent of the
substrate are 4.4 and 0.02, respectively. The ground plane is
28 mm in length and 40 mm in width. The area of each an-
tenna is 17 mm (length) × 13 mm (width). The total length
of each monopole is designed so as to resonate at 800 MHz;
each element is bent in a spiral shape. A microstrip feed
line (50Ω) is connected to each monopole antenna. The
feed ports are located at the center of the substrate.

Figure 7 shows a measurement system for the reflec-
tion coefficient and mutual coupling between two antennas.
Four measurement probes made of semi-rigid cables are
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Fig. 6 Configuration of the measurement antenna model.

Fig. 7 Measurement system for reflection coefficient and mutual cou-
pling between two antennas.

connected to a VNA via test cables. The other end of each
probe is connected to each antenna element or the ground
plane. In this case, a four-port VNA is used. Full four-
port calibration is performed at the SMA connectors near
the probes. Electrical delay of these measurement probes
is corrected so that the reference point of S-parameters be-
comes at feed point of the antennas. In addition, two-port
VNA can also be used. In this case, two test cables that are
not connected to the VNA are terminated by a 50-Ω dummy
load and all S-parameters from port 1 to port 4 can be mea-
sured by changing the cables connected to the VNA.

Figure 8 shows the measurement results for the reflec-
tion coefficient and mutual coupling between two antennas.
The “conventional method” refers to the case in which the
coaxial cable is connected directly to each port of the anten-
nas. The calculated reference results without coaxial cables
are shown in the same figure. The markers in the Smith
charts in Fig. 8 show the resonant frequencies of the anten-
nas.

Figure 8(a) and (c) confirm that the resonant frequency

of the antenna shifts toward a lower frequency and that an
accurate measurement was not obtained by the conventional
method. On the other hand, the results obtained for the pro-
posed method are in good agreement with the calculated ref-
erence results.

When measuring mutual coupling, the accuracy can be
improved by utilizing the proposed method, as shown in
Fig. 8(b). The amplitude of mutual coupling at 800 MHz is
3 dB lower than the calculated reference result for the con-
ventional method. Meanwhile, the error is only 0.5 dB in
the case of using the proposed method. Furthermore, the
phase characteristics obtained using the proposed method
agree with the calculated reference result over the whole
range of measured frequencies, whereas a difference of ap-
proximately 23◦ was observed in the case of using the con-
ventional method.

5. Conclusion

We have proposed an accurate measurement method (by
applying S-parameter method) for the mutual coupling be-
tween antennas mounted to the same small ground plane.
Two coaxial cables are connected to an antenna element and
the ground plane of each antenna. The impedance character-
istics and mutual coupling with reduced unbalanced currents
can be obtained by synthesizing the S-parameters under the
condition that the unbalanced currents on the outside of the
coaxial cables are canceled at the feed points.

We have analyzed a simulated model that includes two
asymmetric monopole antennas with cables and a small
ground plane and have compared the proposed method to
the conventional method. The frequency characteristics of
mutual coupling between the two antennas obtained using
the proposed method agree closely with the simulation re-
sults in the ideal case, namely where no cables exist.

Moreover, we have applied the proposed method to
real-world measurements and have demonstrated that the
measurement accuracy can be improved (relative to the con-
ventional method). In particular, the proposed method is su-
perior in terms of the accuracy of the mutual coupling data.
In this case, the errors at the resonant frequency of the an-
tennas are only 0.5 dB in amplitude and 1.8◦ in phase. This
method is especially effective for designing decoupling and
matching circuits for small antennas.
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Appendix: Partial Matrices of Eq. (17)

The partial matrices of Eq. (17) are described below. Sc′ is
a matrix defined by removing the (2m − 1)-th column from
Eq. (1):

S c′
i, j =

S c
i, j ( j < 2m − 1)

S c
i, j+1 ( j ≥ 2m − 1)

(i = 1, 2, . . . , 2n, j = 1, 2, . . . , 2n − 1) (A· 1)

A′ is a column vector in which the elements represent the
normalized incident wave:

A′i =

âi (i < 2m − 1)
âi+1 (i ≥ 2m − 1)

(i = 1, 2, . . . , 2n − 1)

(A· 2)

B′ is a column vector in which the elements represent the
normalized reflected wave:

B′i = b̂i (i = 1, 2, . . . , 2n) (A· 3)

Sc
2m−1 is a column vector that consists of the (2m − 1)-th

column of the scattering matrix:(
S c

2m−1

)
i
= S c

i,2m−1 (i = 1, 2, . . . , 2n) (A· 4)

W, X, and P are matrices or a column vector defined by
Eqs. (13) and (14):

Wi, j =


1


j = 2i − 1, 2i (i < m)

j = 2i − 1 (i = m)
j = 2i − 2, 2i − 1 (i > m)


0 (else)

(i = 1, 2, . . . , n, j = 1, 2, . . . , n − 1) (A· 5)

Xi, j =

−1 ( j = 2i − 1, 2i)
0 (else)

(i = 1, 2, . . . , n, j = 1, 2, . . . , n) (A· 6)

Pi =

−1 (i = m)
0 (else)

(i = 1, 2, . . . , n) (A· 7)

Y and Z are matrices defined by Eq. (15):

Yi, j =


−1

 j = 2i − 1 (i < m)
j = 2i (i ≥ m)


2

 j = 2i (i < m)
j = 2i + 1 (i ≥ m)


0 (else)

(i = 1, 2, . . . , n − 1, j = 1, 2, . . . , 2n) (A· 8)

Zi, j =

−1

 j = 2i − 1 (i < m)
j = 2i + 1 (i ≥ m)


0 (else)

(i = 1, 2, . . . , n − 1, j = 1, 2, . . . , 2n) (A· 9)

Finally, I2n is an identity matrix of 2n order and On−1 is a
zero vector of (n − 1) order.
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