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SUMMARY This paper focuses on the S-parameter method that is a

basic method for measuring the input impedance of balanced-fed antennas.

The basic concept of the method is summarized using the two-port net-

work, and it is shown that the method can be enhanced to the unbalanced

antennas using a formulation based on incident and reflected waves. The

compensation method that eliminates the influence of a measurement jig

and the application of the S-parameter method for the measurement of a

radiation pattern with reduced unbalanced currents are explained. Further,

application of the method for measuring the reflection and coupling coeffi-

cients of multiple antennas is introduced. The measured results of the input

impedance of a dipole antenna, radiation patterns of a helical antenna on

a small housing, and S-parameters of multiple antennas on a small hous-

ing are examined, and the measured results obtained with the S-parameter

method are verified.

key words: S-parameter method, input impedance, radiation pattern, re-

flection coefficient

1. Introduction

The S-parameter method was proposed by Meys in 1998

to measure the impedance characteristics of a balanced-

fed antenna [1]. Because most measurement systems em-

ploy unbalanced lines such as a coaxial cable, a balun is

required to measure the characteristics of a balanced-fed

antenna. A balun works as a transformer between a bal-

anced line and an unbalanced line. If a balanced antenna

is measured without a balun, a measurement error occurs

owing to the unbalanced current induced on the outside of

the coaxial cable. Generally, a balun has limited bandwidth,

and the frequency characteristics of the balun must be con-

sidered in measurements. Therefore, the measurement of

the pure impedance of a balanced fed-antenna is difficult.

The S-parameter method enables measurement of ‘the pure

impedance’ by synthesizing the balanced mode impedance

from the measurements of S-parameters of two ports. In ac-

tual measurements, two unbalanced lines (microstrip lines

in [1]) are connected to each element of a dipole antenna.

The S-parameter method can be easily applied because it re-

quires only a simple jig composed of two unbalanced lines.

After Meys, Palmer proposed the utilization of coaxial

cables in a jig and expanded the upper limit of measure-

ment frequency [2]. Palmer’s jig contributed to the popular-
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ization of the S-parameter method for small antenna mea-

surements. This method has been applied to a symmetric

antenna such as a dipole antenna [1], [2], a bowtie antenna

[2], [3], a modified dipole antenna [4], [5], an antenna inte-

grated with a circuit [6], [7], and a patch antenna with two

orthogonal modes [8]. Applications for measurement of Ra-

dio Frequency IDentification (RFID) tag antennas are espe-

cially popular. RFID tags are composed of printed anten-

nas on film circuit boards with IC chips mounted on them.

In these cases, antenna elements themselves become RFID

tags. The S-parameter method can be successfully applied

to these kinds of antennas [9]–[15].

Further, the S-parameter method can also be applied to

an asymmetric antenna. For an asymmetric antenna, bal-

anced feeding satisfies only the necessary condition (i.e.,

only balanced feeding is not sufficient) for reducing the ef-

fect of feeding cable. The sufficient condition to reduce

the influence of a feeding cable requires blocking effect

against unbalanced current, namely, a high impedance for

the unbalanced current [16]. The S-parameter method sat-

isfies the latter condition by itself. Namely, by applying

the S-parameter method to an asymmetric antenna, the un-

balanced current on a measurement cable can be reduced

and the measurement accuracy can be improved. For ex-

ample, an asymmetric antenna was measured by using the

S-parameter method and accurate results were shown for

a wide range of bandwidths in [17]. An offset fed dipole

antenna [18], RFID tags with asymmetric configurations

[10], [12], [13], [18], and an antenna on a small housing [19]

were also measured successfully by using the S-parameter

method.

Moreover, the S-parameter method has also been im-

proved continuously. The method requires a jig composed

of two unbalanced feed lines such as coaxial cables or mi-

crostrip lines. The jig must be calibrated to achieve accu-

rate results especially at high frequencies. For semi-rigid

coaxial cables, a correction method by using shorted end

[2] and shorted and open ends [20] are proposed. However,

these methods can only correct the electrical delay of a jig

and cannot overcome the reflection effect between a jig and

a measurement cable, on which SOLT calibration is based.

To overcome the above problem, the TRL method has been

proposed in [21]. Accurate measurement results for high

frequencies, above 10 GHz, can be obtained with the TRL

method that removes the reflection effect.

Radiation patterns can also be measured by using the S-

parameter method [22]. The ratio of excitation coefficients

Copyright c© 2014 The Institute of Electronics, Information and Communication Engineers
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of two cables, under the condition where unbalanced cur-

rent of coaxial cables is canceled at antenna feed point, are

calculated uniquely from S-parameters. As the special case,

the ratio equals -1 for symmetric antennas, that is same am-

plitude and opposite phase [15], [23]. The active impedance

for the above excitation ratio is the same as the differential

input impedance shown in [1] and [24]. Therefore, the S-

parameter method certainly guarantees blocking of the un-

balanced current even for an asymmetric antenna. The ra-

diation pattern obtained by using an array pattern with the

above excitation coefficients has reduced influence of mea-

surement cables. The concept of exciting two cables to re-

duce the unbalanced current can also be extended to the

measurement of the reflection and coupling coefficients of

multiple antennas [25].

Recently, a quantitative analysis of balanced and un-

balanced modes for antennas with symmetric and asymmet-

ric configurations has been proposed in [24], [26], [27]. A

concept of mixed mode S-parameter is adopted and its rela-

tionship with the S-parameter method is discussed in [24],

[28]. Further, a combination of the S-parameter method and

the Wheeler cap method was proposed to measure the effi-

ciency of a small antenna supported in air in [29] whereas

the conventional Wheeler cap method can be applied only

for an antenna mounted on the surface of a large ground

plane.

As mentioned above, the S-parameter method has been

applied to measure not only the impedance but also the ra-

diation patterns, efficiency, and coupling between antennas.

It is also used to explain the balanced and unbalanced phe-

nomena and can be applied in a wider area of measurements.

This paper summarizes the basics and applications of the S-

parameter method. In Sect. 2, we introduce the formulations

of the S-parameter method based on the two-port network

and the incident and reflected waves concept. In Sect. 3, the

calibration method of a measurement jig, radiation pattern

measurement, and application to measurement of multiple

antennas are described. Finally, measurement results and

conclusions are given in Sects. 4 and 5, respectively.

2. Formulation of S-Parameter Method

Figure 1 shows the measurement model for the S-parameter

Fig. 1 Measurement model for S-parameter method.

method. The configuration of an antenna does not have to

be symmetric. A type of a monopole antenna on a housing,

in which one element of the antenna is a monopole and the

other is a ground plane, is also acceptable. The output ports

of the coaxial cables connected to each element are denoted

as port 1 and port 2, respectively. The incident and reflected

waves in each port are defined as a1 and a2 and b1 and b2, re-

spectively. Moreover, the voltages from the outer conductor

to the inner conductor are defined as V1 and V2, respectively.

The currents on the inner conductor are defined as I1 and I2,

respectively. The condition under which the currents on the

outside of the two coaxial cables (unbalanced current) can-

cel each other is expressed below.

I1 = −I2 (1)

The basic idea of the S-parameter method is to extract the

impedance characteristics from full two ports S-parameters

(S 11, S 12, S 21, S 22) under the condition of Eq. (1).

Initially, the derivation of the S-parameter method

based on the two-port network is explained. Thereafter,

the formulation based on incident and reflected waves is de-

scribed.

2.1 Formulation Based on Two-Port Network

Using the impedance matrix of the two-port network, as

shown in Fig. 2, the equation for the balanced-fed antenna

is given by
{

V1 = Z11I1 + Z12I2

V2 = Z21I1 + Z22I2
. (2)

When the antenna is fed by a balanced source, the currents

flowing on the two radiation elements are I = I1 = −I2

(shown in Eq. (1)). Because the differential voltage is Vd =

V1 − V2, the input impedance (Zin) is expressed using the

Z-parameter as below.

Zin =
Vd

I
= Z11 − Z21 − Z12 + Z22 (3)

By converting the Z-parameter into an S-parameter, the in-

put impedance can be written as [30]

Zin = 2R0

(1 − S 12)(1 − S 21) − S 11S 22

(1 − S 11)(1 − S 22) − S 12S 21

, (4)

where R0 is the characteristic impedance of the coaxial

cables. Equation (4) is generally called the S-parameter

method and is used for the measurement of balanced

impedance [1]. In addition, it can be converted into an

Fig. 2 Two-port network.



SASAMORI and FUKASAWA: S-PARAMETER METHOD AND ITS APPLICATION FOR ANTENNA MEASUREMENTS

2013

ABCD-parameter as follows:

Zin =
1

C
(A + D − AD + BC − 1) . (5)

The balanced-fed antenna has symmetric geometry,

and the two-port network is a symmetric circuit (Z11 = Z22,

S 11 = S 22, A = D) and a reciprocal circuit (Z12 = Z21,

S 12 = S 21, AD − BC = 1). Therefore, Eqs. (3)–(5) can be

reduced to

Zin = 2 (Z11 − Z21) , (6)

Zin = 2R0

1 + S 11 − S 21

1 − S 11 + S 21

, (7)

Zin =
2

C
(A − 1) . (8)

2.2 Formulation Based on Incident and Reflected Waves

The S-parameter method explained in Sect. 2.1 is based on

the two-port network [1], [2]. In this section, a formulation

based on incident and reflected waves that can be easily ex-

tended to radiation patterns or multi-port measurements is

discussed [22].

The incident waves, reflected waves, and S-parameters

are related as follows:

b1 = S 11a1 + S 12a2

b2 = S 21a1 + S 22a2
(9)

If the characteristic impedance is normalized to 1, the cur-

rents I1 and I2 can be expressed as follows:

Ii = ai − bi (i = 1, 2) (10)

From Eqs. (1) and (10), we obtain the following relation-

ship:

a1 + a2 = b1 + b2 (11)

If b1 and b2 are eliminated from Eq. (9), the following equa-

tions can be obtained:

a2 = −
1 − S 11 − S 21

1 − S 22 − S 12

a1 = αa1 (12)

α ≡ −
1 − S 11 − S 21

1 − S 22 − S 12

(13)

Equation (12) implies that if both ports are excited with

a ratio α, the unbalanced current at the feed point of the

antenna is canceled [satisfies Eq. (1)]. The physical inter-

pretation is shown in Fig. 3. Figure 3(a) shows the condi-

tion where port 1 is fed, port 2 is terminated by the dummy

load, and Iu1 is assumed to be an unbalanced current on the

outside of the coaxial cables. Figure 3(b) shows the con-

dition where each port is interchanged and Iu2 is assumed

to be an unbalanced current. Both the ports are excited in

a ratio of α, i.e., a1 and a2 = αa1, and each unbalanced

current is canceled out at the feed point of the antenna, as

shown in Fig. 3(c). In other words, a superposition of field

F1 (Fig. 3(a)) and α times of field F2 (Fig. 3(b)) cancels the

Fig. 3 Physical interpretation of S-parameter method.

unbalanced current. However, a zero unbalanced current is

guaranteed only at the antenna feed point (at the outlet of

each port). If the antenna is symmetric, and the cables are

set in a symmetric plane, the unbalanced current is canceled

all over the cables. If one of the above conditions is not sat-

isfied, the unbalanced current exists except at the antenna

feed point. Even in this case, the unbalanced current is sig-

nificantly reduced when compared with the case where the

cable is directly connected.

The reflection coefficients of each port in Fig. 3(c), S 1

and S 2, are given as Eq. (14).

⎧

⎪

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎪

⎩

S 1 ≡
b1

a1

= S 11 − S 12

1 − S 11 − S 21

1 − S 22 − S 12

S 2 ≡
b2

a2

= S 22 − S 21

1 − S 22 − S 12

1 − S 11 − S 21

(14)

The impedance Zn between the antenna elements #1

and #2 is obtained as a series combination of Z1 and Z2,

where Z1 and Z2 are the impedances that give the reflection

coefficients S 1 and S 2, respectively, in Eq. (14).

Zn = Z1 + Z2 = R0

(

1 + S 1

1 − S 1

+
1 + S 2

1 − S 2

)

= 2R0

(1 − S 12)(1 − S 21) − S 11S 22

(1 − S 11)(1 − S 22) − S 12S 21

(15)

This is the desired impedance Zn when the unbalanced cur-

rents on the outside of the coaxial cables are canceled. It can

be understood that Eq. (15) completely equals to (4). If we



2014
IEICE TRANS. COMMUN., VOL.E97–B, NO.10 OCTOBER 2014

assume that the antenna has a symmetric structure, such as

a dipole (S 11 = S 22, S 12 = S 21), Eq. (7) is also obtained and

it equals the differential input impedance given in [1] and

[24].

3. Application and Extension of S-Parameter Method

Though the basic concept and formulations for accurate

impedance measurement have been described in the Sect. 2,

the influence of the jig on the measurement results becomes

significant as the frequency increases. Moreover, conven-

tional method has been applied only for impedance mea-

surement with one port. The compensation method for the

jig using the ABCD-parameter and the measurement meth-

ods for radiation patterns and multiple antennas are ex-

pounded as applications of the S-parameter method.

3.1 Calibration Method of a Measurement Jig

Figure 4 shows an example of a system for measurement of

input impedance of a balanced antenna. Each port of the bal-

anced antenna is connected to one of the ports of the VNA

using a measurement jig. The measurement jig is composed

of jigs #1 and #2.

Two basic types of jigs have been reported: one made

of coaxial cables, as shown in Fig. 5(a), [2], [3], [5] and the

other is comprised of a microstrip line, as shown in Fig. 5(b)

[1], [21]. When the VNA is calibrated at the connector of

the coaxial cable using the SOLT calibration technique, port

extension or ABCD-matrix compensation such as the open-

correction method (described later) is used to extend the

measurement reference plane to the end of the jig. On the

other hand, for a jig made of a microstrip line, the calibra-

tion plane can also be directly at the end of the jig using the

TRL calibration technique.

Fig. 4 Measurement system for input impedance of balanced antenna.

Fig. 5 Examples of measurement jigs.

In order to eliminate the effect of the jig, a compen-

sating method involving the ABCD-matrix is used. Fig-

ure 6 shows the circuit diagram of an antenna connected

to a jig for measurement in a two-port network configura-

tion. The ABCD-matrix (K’) that is between the calibration

planes can be determined by substituting the S-parameter in

Eq. (16).

K’=
⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

(1+S 11) (1−S 22)+S 12S 21

2S 21

(1+S 11) (1+S 22)−S 12S 21

2S 21

(1−S 11) (1−S 22)−S 12S 21

2S 21

(1−S 11) (1+S 22)+S 12S 21

2S 21

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

(16)

As shown in Fig. 6, the characteristics of the jigs are

included in K’, and K of the antenna can be obtained by

removing the influence of jigs #1 and #2, as given by

K = K−1
J1 K′K−1

J2 . (17)

Here, KJ1 and KJ2 are the ABCD-matrices of jigs #1 and #2.

Conclusively, the input impedance of the balanced antenna

can be obtained when the ABCD-parameter of matrix K is

substituted in Eq. (5).

Four types of compensation techniques using the

ABCD-matrix referred to as open-correction, short-

correction, open-short-correction and modified open-

correction methods that express the characteristics of the

measurement jig are explained. Similarly, KJ1 and KJ2 can

be derived.

The open- and short-correction methods are used to

determine the ABCD-parameter of the jig using the input

impedance of the jig terminated in an open circuit and a

short circuit, respectively, and the characteristic impedance

of the transmission line to use for the jig. At the calibra-

tion plane, the input impedance Zin looking toward the load

impedance Z is

Zin = Z0

Z + Z0 tanh γl

Z0 + Z tanh γl
, (18)

where Z0, γ, and l denote the characteristic impedance,

propagation constant, and length of the transmission line,

respectively. Z = ∞ and Z = 0 are substituted in Eq. (18) for

open-correction and short-correction methods, respectively.

Therefore, for both the cases, the input impedance of the jig

at the calibration plane can be given by
{

ZOpen = Z0/tanh γl : open − circuit

ZShort = Z0 tanh γl : short − circuit
, (19)

Fig. 6 Equivalent circuit diagram of antenna with jig.
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Fig. 7 Circuit diagram of measurement jig for open-short-correction.

where ZOpen and ZShort are the input impedances at the cali-

bration plane for the open and short circuited lines, respec-

tively. The hyperbolic functions sinh γl and cosh γl can be

given by cosh2 γl− sinh2 γl = 1 and Eq. (19). Consequently,

the ABCD-matrix of the jig can be written as

⎧

⎪

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎪

⎩

KJ =
1

√

Z2
Open
−Z2

0

[

ZOpen Z2
0

1 ZOpen

]

: open - correction

KJ =
1√

Z2
0
−Z2

Short

[

Z0 Z0ZShort
ZShort

Z0
Z0

]

: short - correction

.

(20)

Next, the open-short-correction method is used for de-

termining the ABCD-matrix of the jig as shown in Fig. 7,

using both the input impedances of the open- and short-

circuited lines. When the jig is expressed by the ABCD-

matrix, the input impedance Z at the calibration plane is

given by

Z =
V ′

1

I′
1

=
AV ′

2
+ BI′

2

CV ′
2
+ DI′

2

. (21)

When the jig is terminated in an open circuit, I′
2
= 0. Then,

from Eq. (21), the input impedance for the open circuit is

ZOpen = A/C. Similarly, when the jig is terminated in a short

circuit, V ′
2
= 0, and the input impedance for the short circuit

is ZShort = B/D. Because the jig is a symmetrical circuit

(A = D) and a reciprocal circuit (AD − BC = 1), the ABCD-

matrix KJ is given by

KJ =

√

ZOpen

ZOpen − ZShort

[

1 ZShort

1
/

ZOpen 1

]

. (22)

Although the load impedance is assumed to be infi-

nite in the derivation of open-correction, it actually has a fi-

nite value. We propose a modified open-correction method

that considers the influence of the load impedance Z. The

ABCD-matrix compensating the influence of the impedance

at the open end of the jig is given by Eq. (23) from Eq. (18).

KJ =
1

√

(

Z2 − Z2
0

) (

Z2
Open
− Z2

0

)

[

ZOpenZ − Z2
0

Z2
0

(

Z − ZOpen

)

Z − ZOpen ZOpenZ − Z2
0

]

(23)

3.2 Measurement Method for Radiation Patterns

Section 2.2 explains that the superposition of field F1, ob-

tained by feeding port 1, and α times of field F2, obtained

Fig. 8 Measurement system for radiation pattern E1.

by feeding port 2, produces a measurement with canceled

unbalanced currents. This concept can be readily applied to

the measurement of radiation patterns [22]. Let us define E1

and E2 as the array-element patterns for antenna elements

#1 and #2, respectively. E1 and E2 correspond to the radi-

ation patterns of fields F1 and F2, shown in Fig. 3, respec-

tively. The measurement system for radiation pattern E1 is

shown in Fig. 8. Further, E1 is measured with the transmis-

sion coefficient between two ports of a VNA. To obtain E2,

the cable connected to one antenna element is reconnected

to the other antenna. During the measurement, the discon-

nected port of the antenna under test must be terminated by

a dummy load.

The synthesized array pattern (Et) obtained with the

following equation implies that it is a radiation pattern with

a canceled unbalanced current on the outside of the coaxial

cables.

Et = E1 + αE2 (24)

Here, Et corresponds to the measured radiation pattern

under the condition of Fig. 3(c). Although the idea of of-

fline synthesis of array-element patterns is also presented in

[23], it is valid only for a symmetric antenna, i.e., for α=

−1 in Eq. (24). A combination of Eqs. (13) and (24) is more

general and valid even for an asymmetric antenna.

When the two ports are excited by a1 and αa1, the re-

flected waves b1 and b2 can be given as follows:

{

b1 = (S 11 + S 12α) a1 ≡ βa1

b2 = (S 21 + S 22α) a1 ≡ γa1
(25)

Subtracting the reflected power from the incident

power for both the ports results in the total incident power

(Pin).

Pin = |a1|2 + |a2|2 − |b1|2 − |b2|2

= |a1|2
(

1 + |α|2 − |β|2 − |γ|2
)

(26)

If a standard gain antenna with a gain of Gd is con-

nected to port 1, the input power (Pind) to the antenna be-
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comes Pind = |a1|2. If Ed is the observed level for the stan-

dard gain antenna, the absolute gain (Ga) of the antenna un-

der test can be expressed as below.

Ga=
|Et|2 /Pin

|Ed |2 /GdPind

=Gd

|Et |2

|Ed |2
(

1+|α|2−|β|2−|γ|2
)

(27)

Further, Ga divided by the mismatch loss (M, positive

in dB) results in the actual gain (Gact), which can be ex-

pressed as follows:

Gact =
Ga

M
= Ga

(

1 −
∣

∣

∣

∣

∣

Zn − R0

Zn + R0

∣

∣

∣

∣

∣

2
)

(28)

3.3 Measurement Method for Multiple Antennas

In this section, the application of the S-parameter method

for the measurement of reflection and coupling coefficients

of multiple antennas is described. If the number of antennas

is assumed to be n, a measurement of 2n ports is required to

apply the S-parameter method. Equation (9) is rewritten as

below.

B = SA (29)

Here, A and B are the incident and reflected wave vectors

for each port and are composed of 2n elements each. S is a

scattering matrix of size 2n × 2n.

The balance conditions at the feed point of each an-

tenna are given as follows:

i2k−1 = −i2k (k = 1, 2, . . . , n) (30)

When the coupling from the mth antenna to other antennas

(S 1 m, S 2 m, . . . , S nm) are to be measured, the other antennas

must be terminated by dummy loads (ai = 0; i = 1, 2, . . .n;

i � m). Under these conditions,

−a2k−1 + 2a2k − b2k−1 = 0

(k = 1, 2, . . . , n. k � m) (31)

From Eqs. (29), (30), and (31), 4n − 1 conditions are

obtained. Because Eq. (29) has an unknown 4n element

(a1, . . . , a2n, b1, . . . , b2n), we can solve the system of equa-

tions by normalizing other unknowns using one certain un-

known. Here, we choose am−1 as the ‘certain unknown’ that

normalize other unknowns. The symbol ˆ represents the un-

known is normalized one. The incident and reflected waves

at the antenna feed point can be calculated with the elements

of vectors A and B. When the mth antenna is excited, the re-

flection coefficient S mm, and the coupling from port m to

port k, S km, are provided by the following equations [25]:

S m,m =
−1 − b̂2m−1 + 2b̂2m

−1 + 2â2m − b̂2m−1

(m = 1, 2, . . . , n) (32)

S k,m =
−â2k−1 − b̂2k−1 + 2b̂2k

−1 + 2â2m − b̂2m−1

(m = 1, 2, . . . , n. k = 1, 2, . . . , n. m � k) (33)

4. Measurement Results

In this section, the measured results of the input impedance

of a dipole antenna, radiation patterns of a helical antenna

on a small housing, and S-parameters of a multiple antenna

system on a small housing are examined, and the measured

results of the S-parameter method are verified.

4.1 Input Impedance of Dipole Antenna

We will first discuss the measured input impedance of the

dipole antenna shown in Fig. 9. The total length of the

dipole antenna is 200 mm, and the diameter of the radi-

ation element is 0.35 mm. The measurement jig is made

of coaxial cables, as shown in Fig. 5(a). For verifying the

effectiveness of the open-correction, short-correction, and

open-short-correction methods, the experimental result of a

monopole antenna on an aluminum plate of 1.25 × 1.25 m2

is also shown. The measured result of the monopole antenna

is doubled so as to compare it with that of a dipole antenna.

It can be seen that the measured results of the S-parameter

method agree well with the result of the monopole antenna.

Some sharp peak-shaped errors are caused by the input

impedance of the jig terminated in an open circuit, and a

short circuit becomes infinite. Additionally, as can be seen,

there is a slight resonance frequency shift. The frequency

Fig. 9 Measured input impedance of dipole antenna.
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Fig. 10 Calculated model of open-end jig made of coaxial cable.

Fig. 11 Calculated load impedance at open end of the jig.

shift of the open-correction is discussed in the following

paragraph.

In order to improve the accuracy of measurement of

the open-correction method, the modified open-correction

method that considers the influence of the load impedance

at the open end of the jig is examined. The load impedance

at the open end of the coaxial cable is calculated by using

the FDTD method. Figure 10 shows an FDTD model of an

RG405 coaxial cable. The inner conductor is longer than

the outer conductor by 2 mm to connect the antenna ele-

ment. This numerical model is considered to be valid be-

cause the calculated value of the characteristic impedance

of this coaxial cable is Z0 = 49.3 − j0.136Ω. Figure 11

shows the load impedance at the open end of the coaxial ca-

ble. The load resistance and the load reactance are 20.1Ω

and −447.7Ω, respectively at a frequency of 5 GHz.

Figure 12 shows an FDTD model of a dipole antenna

for obtaining the input impedance. Figures 12(a) and 12(b)

Fig. 12 Calculated model of dipole antenna.

show the dipole elements with a measurement jig for the S-

parameter method and a conventional dipole antenna model

with a delta gap feed, respectively. The total length of the

dipole antenna is 51.6 mm by shortage of the calculation

ability of used PC, and the section of the elements is a square

of 0.4 × 0.4 mm2 for both the calculation models. It is con-

firmed that the length of the coaxial cable of the jig is long

enough by the calculation that changes the length of the ca-

ble.

Figure 13 shows the calculated input impedance of the

dipole antenna using the S-parameter method and the con-

ventional model. The results of the open-correction and

the modified open-correction methods are shown for the S-

parameter method. As can be seen, the resonance frequency

of the open-correction method shifts from that of the con-

ventional model, and the peak values are different. In the

case of the modified open-correction method, it can be seen

that the result is somewhat in agreement with the result of

the conventional model. Further, as can be seen, the load

impedance of the open end of the measurement jig influ-

ences the measured value. The input impedance without

correction is also shown for a comparison. It is understood

that it does not agree with the reference value at all.

4.2 Measurement Results for an Antenna on a Small

Housing

In this section, application of the S-parameter method for

measuring an antenna on a small housing is explained [22].

Figure 14 shows the measurement model. Because the size

of the housing is much smaller than the wavelength of the

operation frequency (315 MHz), the unbalanced current is

significant when a measurement cable is connected directly.

Therefore, the measurement results have a large error if

the conventional measurement method is applied. The S-

parameter method can significantly improve the measure-

ment accuracy for this type of antennas.

As a measurement model, a helical antenna element

with a square cross section of 10×10 mm2 and 28 mm length

is mounted on a square housing (40 × 40 mm2). The reso-

nant frequency of the antenna is 315 MHz, and the total size
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Fig. 13 Calculated input impedance of dipole antenna.

Fig. 14 Measurement model for an antenna on a small housing.

of the antenna element and the housing is approximately

λ/14. The impedance characteristics and radiation patterns

are measured by using the S-parameter method. Ports 1 and

2, in Fig. 1, are connected to the housing and the antenna

element, respectively.

Figures 15(a)–(c) show the measured S-parameters.

Fig. 15 Measurement results for S-parameters and Zn.

Fig. 16 Calculation result for antenna impedance (with PEC).

The markers are set at 315 MHz. Moreover, the impedance

Zn synthesized from the S-parameters using Eq. (15) is

shown in Fig. 15(d). The calculated result of the antenna

impedance is shown in Fig. 16.

Many kinks can be observed in Figs. 15(a)–(c). These

are caused by the influence of the coaxial cables, where

the S-parameter measurements are performed with a large

unbalanced current on the outside of the coaxial cables

(Fig. 3(a) or 3(b)). On the other hand, in Fig. 15(d), only

single resonance characteristics without any kinks are ob-

served thus demonstrating that the influence of the coaxial

cables is reduced (Fig. 3(c)). As can be seen from Fig. 15(d)

and Fig. 16, the measured and calculated results are in good

agreement with each other. The error between them is

mainly caused by conducting loss that is excluded from the

calculation result. If the measurement cable is connected

directly, the measurement result is almost same as that in

Fig. 15(c). This fact shows that the result of conventional
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Fig. 17 Measurement results for E1 and E2.

Fig. 18 Radiation patterns for S-parameter and conventional methods.

measurement method is quite different from calculated one.

Figures 17(a) and (b) show the radiation patterns of

E1 and E2 in the ZX plane, respectively. In both the pat-

terns, Eφ is greater than Eθ because the radiation from the

unbalanced current on the outside of the coaxial cables is

dominant (Fig. 3(a) or 3(b)). The pattern Et synthesized by

Eq. (24) is shown in Fig. 18(a). The calculated reference re-

sults without coaxial cables are also shown in the same fig-

ure. The undesired radiation from the coaxial cables is can-

celed (Fig. 3(c)), and the accuracy of the radiation pattern

measurement is significantly improved. The measurement

results with the coaxial cable connected directly, which is

the conventional method, are shown in Fig. 18(b). The coax-

ial cable disturbs the measured radiation pattern and a pat-

tern that is quite different from the reference pattern is ob-

served.

The results of the S-parameter method for multiple an-

tennas mounted on one small housing, that is the impedance

characteristics (S 11) and mutual coupling (S 21) for the

model of Fig. 19, are shown in Fig. 20. The measured fre-

quency ranges from 700 MHz to 900 MHz, and the marker

is set at 800 MHz. For comparison, the measurement results

obtained with the conventional method (connecting coaxial

cables directly) are also shown. Regarding reflection charac-

teristics, the resonance frequency is drastically shifted from

approximately 800 MHz to a lower frequency in the con-

ventional method, and a correct measurement was not per-

formed. Meanwhile, the results obtained with the proposed

method are in good agreement with the calculated results,

Fig. 19 Measurement model for multiple antennas.

Fig. 20 Measurement results for multiple antennas.

and the measurement accuracy is improved.

5. Conclusion

In this paper, we have described the basic concept of the

S-parameter method that is a basic method for measuring

the input impedance of balanced-fed antennas and have pro-

posed its application and extension. First, the formula-
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tions of the S-parameter method based on the two-port net-

work and the enhancement to the unbalanced antennas us-

ing a concept based on incident and reflected waves were

described. Thereafter, a practical application that elimi-

nates the influence of a measurement jig on the measure-

ment of the input impedance in the high frequency range

above 1 GHz and its extension to the measurement of radi-

ation patterns of unbalanced antenna and a multi-port an-

tenna were presented. Furthermore, to show the validity of

the proposed approaches to measurement, the results of in-

put impedances, S-parameters, and radiation patterns have

been shown. It is notable that more accurate results of a

measurement can be obtained by the proposed S-parameter

method.
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