Institute of Electronics,

I nf ormati on,

2394

and Conmuni cati on Engi neers

IEICE TRANS. COMMUN., VOL.E90-B, NO.9 SEPTEMBER 2007

| PAPER Special Section on 2006 International Symposium on Antennas and Propagation J

Analysis of the Reflection Method for Measuring the Radiation
Efficiency Using the Transmission Line Model

Nozomu ISHIT'®, Member, Yasuo KATAGIRI', Student Member, and Michio MIYAKAWA, Member

SUMMARY  The reflection method is an accurate and simple method
for measuring the radiation efficiency of a small antenna. However, it takes
too long and has the disadvantage of underestimating the efficiency due to
resonance in the cavity formed by the straight waveguide and two sliding
shorts. To reduce the measurement time, one sliding short can be fixed
while the other one is moved. To improve the accuracy of this technique, we
can set the antenna to be measured at the center of the two sliding shorts or
at a local anti-node of the standing wave in the waveguide. When one of the
sliding shorts is fixed, the measured efficiency becomes negative at certain
frequencies. We examine these reductions in efficiency using an equivalent
transmission line model for the reflection method. We also derive analytical
expressions for the overall efficiency in the above cases and verify new
procedures that enable measurements to be performed without any drops in
the measured efficiency.

key words: radiation efficiency, reflection method, transmission line model,
waveguide, sliding short

1. Introduction

As antennas are small compared to the wavelength, they
have small gains and the magnitude of their reflection co-
efficients is close to unity; that is, total reflection occurs at
the input port of the antenna. As a result of this small gain,
the ohmic loss of an antenna’s material exceeds the radiation
loss of an antenna. In other words, the radiation efficiency,
which is defined as the ratio of the radiated power to the
input power, is greatly reduced as the dimensions of the an-
tenna are decreased. The radiation efficiency is, therefore,
one of the most important parameters for evaluating the per-
formance of small antennas and it is thus vital to establish
accurate measurement methods for estimating the radiation
efficiency. The pattern integration method is well known as
a typical method for measuring the radiation efficiency [1].
In general, it is accurate if an appreciable angular separation
is employed. It, however, requires enormous cost and time
since it measures the radiated power in an anechoic cham-
ber. .

By contrast, in the reflection method discussed in this
paper, the radiation efficiency is estimated by measuring the
reflection coefficients of an antenna in free space using a
waveguide shorted by two sliding shorts [2]. Therefore,
this measurement system is inexpensive, compact and rapid.
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Its validity has been demonstrated by comparing results ob-
tained using it with those obtained using the pattern integra-
tion method [2]. However, it suffers from the disadvantage
that the measured efficiency is sometimes lower than the ac-
tual efficiency due to resonance in the cavity formed by the
waveguide and two sliding shorts [3],[4]. Although some
papers suggest that this underestimation of the efficiency is
due to the resistance of the cavity wall at resonance exceed-
ing the radiation resistance [3], no practical models have
been proposed for examining this effect.

In this paper, the antenna in the cavity is modeled using
the transmission line model [4]. The two sliding shorts can
be modeled by a resistive load having a small resistance so
that the loss at the cavity wall can be included in the trans-
mission line model. The expressions for the reflection coef-
ficients (whose magnitudes are ideally unity) of the sliding
shorts used in previous studies should be replaced by expres-
sions that include the loss at the cavity wall. After perform-
ing extensive calculations, it was found that the efficiencies
calculated in earlier studies are the product of the true radia-
tion efficiency and the transmission efficiency in the section
formed by the waveguide and the two sliding shorts [5]. If
the cavity is lossless, the transmission efficiency is zero so
the efficiency is not underestimated. Furthermore, we clarify
that the underestimations of the actual efficiency observed in
previous studies are due to the resistance of the cavity wall
at resonance.

2. Measurement Principle and Expefimental System
for the Reflection Method

2.1 Measurement Principle in the Original Study

An antenna in free space can be considered to be a linear,
passive, reciprocal two-port network, which is fed at port 1
and is connected to free space at port 2. Since the power
from the antenna is radiated into free space at port 2, the
reflection coeflicient of port 2 is zero. In this case, the radi-
ation efficiency 7, is given by

o = IS 212
R TN

ey
where S;;, 1, j = 1,2, are § parameters of the network. Now,
IS 11] can be determined by measuring the magnitude of the
antenna’s reflection coefficient in free space. In the reflec-
tion method, |S ;| is determined by measuring the reflection
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ng,

Fig.1  §11 and [y, plotted on a Smith chart.

coefficients of the antenna when it is inserted in the short-
circuited waveguide for three or more combinations of the
positions of the two sliding shorts. These reflection coeffi-
cients are denoted by 'y, 7 = 1,2, - -. In the following, a
short-circuited line refers to the waveguide and two sliding
shorts, which are connected to port 2 of the network. If I',,
denotes the reflection coefficient of the short-circuited line
at port 2, the reflection coefficient at port 1 is given by [2]

3,
1-Sxul,

If the short-circuited line is ideal, then the magnitude of the
reflection coeflicient will be unity; in other words, I, de-
fines a circle having a center of O and a radius of 1 on the
Smith chart. That is, it can be described by I, = /%, where
0, is the phase of the reflection coefficient, I',. In accor-
dance with the bilinear transformation nature of the complex
plane, if I, defines a circle, then Iy, defines another cir-
cle, as can be seen from (2). If S1; + z, and r, represent the
center and the radius of the circle respectively, I'wg, then
|S21] is given by [4]

@

ng,n =S+

2
Z,
$2aP = o= 2L 3)

/]

Then, from (1), the radiation efficiency is given by

1 2ol
= — 1, —]. 4
nant 1—|S11|2 (ro ro ( )
And, S1; + z, and r, can be determined by plotting three or
more [y, ,s on a Smith chart and fitting them with a circle
by the least-squares method, as shown in Fig. 1 [4].

2.2 Modified Measurement Principle

In practice, the short-circuited line is not ideal. For exam-
ple, the resistance of the sliding shorts cannot be ignored
at or near the resonant frequencies of the cavity. We thus
assume that the magnitude of the reflection coefficient |[',|
is not unity and that I, has a center of z; and radius of r;.
That is, it can be described by ', = z; + r;e/?, where 6 is a
real number. In this case, ['yg, defines a circle on a Smith
chart, as we can see from (2). If the center and radius of the
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Fig.2 Rectangular waveguide with a square aperture.

mapped circle are S 17 + z, and 7,, respectively, then |S 21| is
given by

2
Z
r0_|:|
2
Sl = ——2-. ®)
i rl

The derivation of (5) is given in the appendix. Substituting
(5) into (1), gives the following relation [5]:

Mnet = Mant * Mhine» (6)
where,
1 IZ0|2
- |y - 7
T]ﬂet 1 —lSlllz (ro ]"o ’ ) ( )
|Zi|2
e = 11— B 8
Min r 7 ®)

Thet given by (7) is the same as (4), which represents the
radiation efficiency measured by the reflection method if
the short-circuited line is ideal. While the transmission ef-
ficiency given by (7) includes the efficiency of the variable
short-circuited line given by (8), the original efficiency given
by (4) does not include the effect of the short-circuited line.
(6) states that e, which can be determined by measuring
1S 11| and [y, is given by the product of the true radiation
efficiency 77,y and the transmission efficiency of the short-
circuited line 7ype. In other words, (4) can be derived if the
loss in the short-circuited line is ignored, that is, if z; = 0
and r; = 1, orif myi,e = 1, so that (4) is valid if the loss at the
cavity wall is negligible. If it is not negligible, the radiation
efficiency must be calculated using (6) instead of (4).

2.3 Measurement System

In the following paragraphs, the measurement system we
developed for the reflection method is described [4].

2.3.1 Waveguide
The rectangular waveguide consists of two U-shaped alu-

minum castings and two aluminum plates, as shown in
Fig.2. These castings and plates are screwed together at
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Fig.3  Sliding short.

200 mm intervals. The interior dimensions of its cross-

section are 150 mm X 75 mm and its length is 1,000 mm.
The antenna to be measured is inserted into the waveguide
via a square hole in the broad wall which has an area of
80 mm x 80 mm. This waveguide has single-mode operation
in the frequency range 1.00-2.00 GHz.

2.3.2 Sliding Short

The sliding short consists of an aluminum plate attached to
the undersurface of a rectangular wooden box which has di-
mensions of 147 mm X 72 mm X 500 mm, as shown in Fig. 3.
To ensure its mobility, insulated spacers with a thickness of
1.5 mm are attached to the sidewalls of the sliding short. To
avoid leakage from the clearance, two types of aluminum
tapes having lengths of 39 mm or 43mm and a width of
7 mm are alternately attached to the side walls of the sliding
short, as shown in Fig. 3. These tapes function as a choke
when the sliding short is inserted into the waveguide [2].

2.3.3 Antenna

In this paper, a monopole antenna with a length of 40 mm
and a diameter of 1 mm was used. The antenna was mounted
on a grounded plate having an area of 120 mm x 120 mm.

23.4 Network Analyzer

S parameters were measured using a network analyzer, Ag-
ilent 8720ES, with an averaging factor of 32.

3. Analysis of Radiation Efficiency Using the Transmis-
sion Line Model

The sliding shorts can be considered as small resistors hav-
ing normalized resistances of r, (r. < 1). I, or I represents
the distance between the center of the antenna and the left or
right sliding short. The measurement system can be equiv-
alently expressed by the transmission line model shown in
Fig.4 [4]. The normalized admittance as viewed from port
2 of the network is given by

3 1+ jr.tanByly

1 + jr.tanf,lg
=T jtang,ly

re+ jtanBylg ’

®

where B, (= 27/ 4,) is the phase constant and A, is the guide

Institute of Electronics, Infornmation, and Conmunication Engi neers

IEICE TRANS. COMMUN., VOL.E90-B, NO.9 SEPTEMBER 2007

_O
O
_O

2O

L I

Fig.4  An equivalent transmission line model.

wavelength of the TE;y mode of the air-filled rectangular
waveguide. The corresponding reflection coefficient is given

by

r _1_yn

= } 10
"= Try, (10)

We clarified that the underestimation of the efficiency by
use of (4) results in a small radius of the circle I, on the
Smith chart. As can be seen from (2), the small radius of
I'wg,n leads to the circle I', having a small radius or a shifted
center. To examine these effects, we derived analytical ex-
pressions for the center z; and radius r; of the circle I',, and
the efficiency in the short-circuited section 7y, using the
transmission line model. In the following, we discuss two
methods that we previously proposed [4] for avoiding un-
derestimating the actual efficiency.

3.1 The Case when One Sliding Short is Fixed and the
Other is Translated

One problem that is encountered when evaluating the radi-
ation efficiency using the reflection method is the consider-
able length of time that it takes to measure the reflection co-
efficients for many positional combinations of the two slid-
ing shorts. To overcome this problem, the authors proposed
estimating the radiation efficiency when one sliding short is
fixed and the other sliding short is translated.

The situation described above can be analytically mod-
eled using the transmission line model. For example, if the
left sliding short is fixed, that is, [; is constant, then the ad-
mittance viewed from the left side of the antenna, denoted
by yy., is given by

_ 1 +jrc tan,BglL
I jang,l

1D

Since I;, is arbitrary, I',, depicts a circle on the Smith chart.
The center z; and radius #; of the circle are given by

2rclycl + (L +r)%y + (1 - r )y
2relycl? + (L + 72 +y}) + 200 + r)?’
_ 2(1-13)
U 2relyP + (L + 1)y + y) + 21 +

(12)

3=

(13)

ri

Then, from (8), the efficiency in the short-circuited section
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Fig.5 Measured efficiency nper of 40-mm monopole when the left
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Fig.6 Comparison of 1y and npe; for I, =130 mm.

Tine 15 given by [5]

2yl + (1= re )y + ;) =21 = 12)
21 -12)

L=rerErdre=2)+ (1= 2r) tan® Byly

172 r2 + tan? Byl

Mine = —

. (14)

In the corresponding measurement, the left sliding
short is fixed and the right sliding short is moved from
Iz = 60mm to 130 mm in 10 mm intervals and the reflection
coefficients of the antenna in the waveguide are measured.
Figure 5 shows the relationship between the frequency and
the overall efficiency ny, for various /zs. As can be seen
from the figure, reductions in the measured efficiency are
observed at approximately 1.5 GHz, 1.6 GHz, 1.7 GHz, and
1.8GHz for /; = 130mm, 120 mm, 110 mm and 100 mm,
respectively. Thus, we see that the frequency at which the
reductions in the measured efficiency occur increases as [j,
decreases, that is, as the left sliding short is moved closer to
the antenna [4].

Figure 6 shows e and . as a function of the fre-
quency. e can be evaluated using the principle of the
original reflection method, whereas 7ne can be estimated
using (14) with r. = 0.003 [5]. The value of the normal-
ized resistance r. can be determined by the least-squares
method. Figure 6 shows that 7, has the same tendency
as Mine- Lhen, we infer from the difference between 7y and
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Fig.7  The center z; and radius r; of the circle I',,, and rjine as function of

[tan Byiz|.

Tine at frequencies where there are no reductions in the mea-
sured efficiency that the true radiation efficiency is almost
unity, so that the behavior, especially, the sharp reductions
in the measured efficiency can be determined from the loss
at the cavity wall and the cavity resonance. Furthermore,
Fig. 6 shows the validity of the proposed transmission line
model.
The range for 7. > O can be determined from (15):

re(2-rc)
1-2r, "

The above inequality means that the efficiency of the short-
circuited section is positive if the distance between the an-
tenna and the left sliding short [;, is appropriately selected.
The above inequality also indicates that a reduction in the
measured efficiency can be observed at a certain frequency
band. These results confirm the experimental results shown
in Fig. 5. The deepest drop in the measured efficiency corre-
sponds to the minimum of (14) which is negative and given

by

|tan Byl | > (15)

l—rc+rg re—2

1-r2 re

Minelmin = < 0. (16)
The above equation was derived by substituting tanS,/; = 0
into (14). When tanB,l; = 0 or [ = nd, where n is integer,
the antenna is located at the nodes of the standing wave in
the short-circuited waveguide [4].

Figure 7 shows the center z; and the radius #; of the cir-
cle I', and the transmission efficiency in the short-circuited
section e as a function of tanB,l;. When [tanB,l;| >
0.077, niine = 0. As the value of [tanf,l;| increases, the
efficiency becomes more stable in the sense that the mea-
sured efficiency is affected less by the loss of the sliding
shorts. On the other hand, the efficiency becomes negative
or unstable when tang,/; = 0. To investigate the effect of
selecting | tanB,l;| in more detail, the efficiency as a func-
tion of the frequency for /; = 130 mm and the locus of the
circle T',, on the Smith chart are shown in Fig. 8. For exam-
ple, [tanB,lz| = 1 corresponds to 1.326 GHz or 1.750 GHz
where 77, is nearly equal to unity. And the locus of I, coin-
cides with a unit circle on the Smith chart so that the actual
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Fig.8 The relationship between I';, and 7iipe.

efficiency can be estimated. When [tang,l;| = 0.077, the
radius of the circle is less than unity making the estimated
efficiency unstable. When tan8,/; = 0, T, is represented by
a single point on the Smith chart so that a circle cannot be
determined and the efficiency cannot be estimated. As men-
tioned above, the measured efficiency becomes more stable
as the value of |tanB,l;| increases. As a guideline for sta-
bility, the efficiency in the section of the sliding shorts is
required to be more than 95 %, where the length /; should
be selected such that [tan B, | > 0.4.

3.2 The Case when Both Sliding Shorts are Translated

To avoid the drops in the measured efficiency due to the loss
of the cavity wall at resonance, we have proposed that two
sliding shorts are translated such that I, = I [4]. This is be-
cause when the antenna is located at the maxima or minima
of the standing wave, the magnitude of the reflection coeffi-
cient is equal to unity. Since |[',| = 1, drops in the measured
efficiency due to the loss of the sliding shorts cannot be ob-
served.

The above situation can be modeled analytically using
the transmission line model. When [ = I} = Iz, the admit-
tance viewed from the antenna is given by

1+ jrotanf,l
re+ jtanB,l

Yn = a7
Since [ is arbitrary, I', is represented by a circle on the Smith
chart. The center z; and radius #; of this circle are given by

B/2r.

1+ G 2 (18)

- 1- rf

15/ 47
Then, from (8), the efficiency in the short-circuited section
Mine 18 given by [5]

(19)

1-(G/2r. + rg
1-r2 '

(20)

Mine =

It is independent of the frequency and the distance between

Efficiency

NPT BT BRI BRI BN
0'81900 .25 150 175 200 225
Frequency[GHz]

Fig.9  7net, Mant, 7iine as a function of frequency for Iy, = .

the antenna and the short, and is a constant that is nearly
equal to unity since r, < 1. That is, although there is a
slight loss due to the resistance of the shorts, large drops in
the measured efficiency are not observed.

In the corresponding measurement, two sliding shorts
are moved from / = 60mm to 130 mm in 10 mm intervals
and then the reflection coefficients of the antenna inserted
into the waveguide are measured. Figure 9 shows the effi-
ciency 1y determined by the above method as well as the
radiation efficiency 7.,y and the efficiency in the section of
the sliding shorts 7., Wwhose value is estimated to be 0.99
when 7, = 0.003 [5]. Figure 9 confirms that the sharp drops
in the measured efficiency are not observed. It also shows

~some small drops caused when 2/ = nd,/2, which represents

the resonance between the two sliding shorts.
4. Conclusion

A serious problem that occurs when measuring the radiation
efficiency of a small antenna using the reflection method is
the drops in the resulting measured efficiency that appear
at and near the resonant frequency of the cavity formed by
the waveguide and two sliding shorts. In this paper, we in-
troduce the fransmission line model that includes the wall
resistance of the cavity, and we clarify analytically that the
measured efficiency is equal to the product of the true radia-
tion efficiency of the antenna and the transmission efficiency
in the sliding shorts section. Then, we derive simple expres-

NI | -El ectronic Library Service



Institute of Electronics, Infornation, and Conmunication Engi neers

ISHII et al.: ANALYSIS OF REFLECTION METHOD FOR MEASURING THE RADIATION EFFICIENCY

sions for the efficiency in the sliding shorts section for two
measurement methods that enable drops in the measured ef-
ficiency to be avoided. We found that the drops in the mea-
sured efficiency occur when the radius of the circle defined
by the locus of the reflection coefficients on the Smith chart
is much smaller than unity. As is well known, this is be-
cause the resistance of the wall is larger than the radiation
resistance when the cavity is resonant. This interpretation
is consistent with the findings of other researchers’ studies.
By estimating the resistance of the walls, we can predict not
only the frequency but also the frequency band for the drops
in the measured efficiency. Thus, these results confirm the
validity of proposed transmission line model for the sliding
shorts in the reflection method.
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Appendix: Derivation of (5)

When z =Tygn—S11,a=82,b= S%l, (2) can be reduced
to

oz
" az+b’

(A1)

The circle I',, has a center at z; and a radius of r;, so that
it can be denoted by I', = z; + re/%, where 6, is real. By
substituting I, into (A- 1) and solving for e/%, we obtain
(1-az)z—bz; Az+B
arz+br;  Cz+D’

where A = 1 — az;, B = —bz;, C = ar;, D = br;. Note that
le®®|? = 1, (A-2) can be reduced to

o =

(A-2)

2 |AD-BCP

AR =[P

-A*B+C*'D
A - ICP?

(A-3)

The circle I'yg, has a center at S; + z, and a radius of 7,,
so that

—A*B+C*D zi-a'(r?—|uP)
- = b i : A-4
= Uroior U=l <P (A-4)
AD - BC |blr;
— = . A-5
o= AP icR |~ 1= anf — Iral (&-3)

2399
Solving (A. 5) for |b| gives
¥,
bl = =2 (11 - az - Irial?). (A-6)
Ti
Therefore, we can find |z,] from (A- 4) as follows:
To .
ol = = |ei = a"(r7 = ") (A7)
Denoting the phase of z, as ¢, we can find a as follows:
1 2ol -jo
= * —F;— . A' 8
4= T (z, ri e (A-8)
Then,
1-ag = 5—— (ri E Zi‘-z-”—'e"f¢), (A-9)
ry= |Zi| o
(A- 6) can be given by
b = 2 7i (r, —z,-E"—Ie“f"’)
ri || - |z? o
2
1 * |ZO| -—'¢ 2
- rl_z_——|;;|—2(zi —ri—;a—e J rie. (A 10)

In the above expression, |b| on the left-hand side corresponds
to |S21|* and the right-hand side can be reduced to (5).

Nozomu Ishii was born in Sapporo, Japan,
in 1966. He received the B.S., M.S., and Ph.D.
degrees from Hokkaido University, Sapporo,
Japan, in 1989, 1991, and 1996, respectively.
In 1991, he joined the faculty of Engineering at
Hokkaido University. Since 1998, he has been
with the faculty of Engineering at Niigata Uni-
versity, Japan, where he is currently an Asso-
ciate Professor of the Department of the Biocy-
bernetics. His current interests are in the area
of small antenna, planar antenna, millimeter an-
tenna, antenna analysis, antenna measurement, and electromagnetic com-
patibility. He is a member of the IEEE.

Yasuo Katagiri was born in Nagaoka, Nii-
gata Prefecture, Japan, in 1983. He received the
B.S. degree from Niigata University, Japan in
2006. He is currently working forward the Mas-
ter degree at the Graduate School of Science and
Technology, Niigata University. His research in-
terests include the measurement of antenna effi-
ciency.

NI | -El ectronic Library Service



Institute of Electronics, Infornmation, and Conmunication Engi neers

IEICE TRANS. COMMUN., VOL.E90-B, NO.9 SEPTEMBER 2007

2400

Michio Miyakawa  was born in Gunma Pre-
fecture, Japan, in 1947. He received D.Eng. de-
gree from Hokkaido University, Sapporo, Japan,
in 1977. He joined the Electrotechnical Lab- -
oratory, Japanese Agency of Industrial Science
and Technology (AIST), MITI, Tsukuba, Japan,
in 1977, where he became a Senior Research
Scientist in 1982 and worked on infrared- or
microwave-thermometry in addition to organiz-
ing the National Projecjt by MITI on the devel-
opment of hyperthermia equipment for cancer
treatment. In 1991, he was appointed Professor at Faculty of Engineering,
Niigata University, Niigata, Japan, where he has been involved in research
programs relating to noninvasive thermometry using microwaves, methods
of three-dimensional local SAR measurement and observation, themes on
human interface, and so on. Currently, he is a Professor of the Center for
Transdisciplinary Research at the university. From 1995 to 1996, has was a
Visiting Scientist at the Central Institute for Biomedical Engineering, Uni-
versity of Ulm, Ulm, Germany, where he was involved in research project
for developing the hyperthemia system. Dr, Miyakawa is a member of the
IEEE, IEE of Japan, Japanese Society of ME and BE, Information Process-
ing Society of Japan, Society of Instrument and Control Engineers, and
Japanese Society of Hyperthemic Oncology.

NI | -El ectronic Library Service



