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Abstract

The reflection method is known as an accurate and simple
method for measuring the radiation efficiency of a small
antenna. Two big problems arise in the measurement of the
radiation efficiency using this method, in which a straight
waveguide and two sliding shorts are implemented. To reduce
a measurement time, one sliding short is fixed, whereas the
other sliding short can be moved. To improve the accuracy,
we can set an antenna under test at the middle of two sliding
shorts, where the magnitude of the standing wave is locally
maximized in the waveguide. When a sliding short is fixed,
the efficiency falls into negative territory at some frequencies.
We analytically consider the drops using an equivalent trans-
mission line model for the reflection method. Also, we derive
overall efficiency for above two cases and examine the way to
measure the efficiency with no drops.

1. INTRODUCTION

When the antenna is smaller, its gain is also smaller and the
magnitude of its reflection coefficient is nearly equal to unity,
that is, total reflection occurs at the input port of the antenna.
This is because the dimension of the antenna is much less
than the wavelength. When the gain is small, the ohmic loss
in the antenna’s material is larger than the radiation loss of
the antenna. In other words, the radiation efficiency, which is
defined as the ratio of the radiated power to the input power,
is much smaller as the dimension of the antenna is smaller.
Therefore, the radiation efficiency is one of the most important
parameters in evaluating the performance of the antenna and
it is necessary to establish some accurate estimations of the
radiation efficiency. The pattern integration method is well
known as a typical estimation of the radiation efficiency.
However, it requires enormous cost and time to measure the
radiated power in the anechoic chamber, and in general it can
be said that it is accurate measurement if an appreciate angular
separation is selected.

On the contrary, in the reflection method which is stud-
ied in this paper, the radiation efficiency can be evaluated
by measuring reflection coefficients of the antenna in free

space and the waveguide which is shorted by two movable
shorts. Therefore, the measurement system is inexpensive and
compact and has an advantage of short measurement time.
However, it suffers from the disadvantage of some drops in
the measured efficiency due to the resonance of the cavity
which is formed by the waveguide and two movable shorts.
Although some papers refer the resistance of the cavity wall at
the resonance, no one has ever proposed any practical models
which can analyze the frequency response of the drops in the
efficiency.

In this paper, the antenna inserted in the cavity is expressed
by use of the transmission line model. Two shorts can be
modeled by the resistive load with small resistance, so that
the loss at the cavity wall can be included in the transmission
line model. Then, the reflection coefficient whose magnitude is
unity for the shorts in the previous studies should be replaced
by the reflection coefficient including the loss at the cavity
wall. After laborious calculation, it is analytically clear that
the efficiency in the previous studies can be divided into the
true radiation efficiency and the transmission efficiency caused
by the waveguide and two shorts.

Moreover, we clarify that the drops in the efficiency which
have been observed in the previous studies are caused by the
resistance of the cavity wall.

2. MEASUREMENT PRINCIPLE AND SYSTEM
OF THE REFLECTION METHOD

A. Measurement Principle in the Previous Studies

An antenna in free space can be considered as a linear, passive,
reciprocal two-port network, which is fed at its port 1 and is
connected to the free space at its port 2. Because the radiated
power from the antenna is supplied with the free space at the
port 2, the reflection coefficient at the port 2 is equal to zero.
Then, the radiation efficiency n, is given by
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where Sy;, i, = 1,2, are S parameters of the network.

Now, |S11]| can be determined by measuring the magnitude of
the reflection coefficient of the antenna in free space. In the



Fig. 1: S11 and Ty n on the Smith chart

reflection method, |S2;| can be determined by measuring the
reflection coefficients of the antenna inserted in the shorted
waveguide for more than three positional combinations of
two sliding shorts. The above coefficients are described as
Fogn.n =1,2,---.Inthe following, a variable short-circuited
line means the waveguide and two sliding shorts, which are
connected to the port 2 of the network. If T',, denotes the
reflection coefficients of the variable short-circuited line at the
port 2, the reflection coefficient at the antenna port is given
by
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If the variable short-circuited line is ideal, then the magnitude
of the reflection coefficient is unity. In other words, I',, draws
a circle, which has a center of 0 and a radius of 1, on the Smith
chart. That is, we can describe it as ', = /=, where 6,, is
the phase of the reflection coefficient. Due to the natrue of
the bilinear transformation on the complex plane, if I;,, draws
a circle, then Iy, , also draws another circle, as we can see
from (2). If 511 + 2z, and r, represent the center and radius
of the circle, [y ,,, then |S21| is given by
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Then, from (1), the radiation efficiency can be given by
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And, S11 4z, and 7, can be determined by plotting the Iy,
on the Smith chart and fitting them into a circle by the least-
square method, as shown in Fig.1.

B. Modified Measurement Principle

In some cases, the variable short-circuited line is not ideal.
For example, the resistance of the shorts can not be ignored at
or near the resonant frequencies of the cavity resonance. Now,
we assume that the magnitude of the reflection coefficient |I', |
is not unity and I, has a center of z; and radius of r,;. That
is, we can describe T, as [, = z + r;¢’?, where @ is real
number. Then, [ ,, draws a circle on the Smith chart, as we

can see from (2). A center and radius of the mapped circle are
S11 + 2z, and 7, respectively, then | Sy is given by
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The derivation of (5) is given in the appendix. Substituting (5)
into (1), then the following relation can be obtained:

Thhet = Tant * THine; (6)
where,
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Thnt> given by (7), is the same as (4), which represents the
radiation efficiency in the reflection method if the variable
short-circuited line is ideal. Although the efficiency given
by (7) includes the efficiency in the variable short-circuited
line, given by (8), the previous efficiency, given by (4) does
not include the effect of the variable short-circuited line. (6)
states that 7, which can be determined by measuring |S1; |
and I'yg . can be given by the product of the true radiation
efficiency n,; by the efficiency in the the variable short-
circuited line Myjpe. In other words, (4) can be derived if the
loss in the variable short-circuited line is ignored, or z; = 0,
7; = 1 or Mne = 1, so that (4) can be valid if we can ignore the
loss at the cavity wall. If not, we must evaluate the radiation
efficiency by use of (6) instead of (4).

C. Measurement System

In the following paragraphs, we explain our measurement
system [or evaluating the radiation efficiency in the reflection
method.

1) Waveguide: A rectangular waveguide consists of two
U-shaped aluminum castings and two aluminum plates, as
shown in Fig. 2. These castings and plates are screwed shut at
200mm intervals. The inside dimension of the cross-section is
150mm x 75mm and the length is 1, 000mm. An antenna under
test can be inserted into the waveguide via a square hole in the
broad wall which has an area of 8)mm x 80mm. The frequency
range for the single mode operation of the waveguide is from
1.00GHz to 2.00GHz.

2) Sliding Short: A sliding short consists of an aluminum
plate attached to the undersurface of a wooden rectangular
box which has a dimension of 147mm X 72mm x 500mm, as
shown in Fig. 3. To keep the mobility, insulated spacers with a
thickness of 1.5mm are attached to the side walls of the sliding
short. To avoid the leakage from the clearance, two types of
the aluminum types with a length of 39mm or 43mm and a
width of 7mm are altemnatively attached to the side walls of the
sliding short, as shown in Fig. 3. These types are operated as
a choke when the sliding short is inserted into the waveguide.
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3) Antenna: In this paper, a monopole antenna with a
length of 40mm and a diameter of 1mm is used. The antenna is
mounted on a grounded plate with an area of 120mm X 120mm.

4) Network Analyzer: S parameters are measured by a
network analyzer, Agilent 8720ES. The number of averaging
is 32 in the measurement.

3. ANALYSIS ON RADIATION EFFICIENCY USING
THE TRANSMISSION LINE MODEL

The movable shorts can be considered as small resistance,
whose normalized resistance is denoted as r. (r. & 1). I, or
lr represents the distance from the center of the antenna to
the left or right movable short. Then, the measurement system
can be equivalently represented by a transmission line model
as shown in Fig. 4. The normalized admittance looking from
the port 2 of the antenna network is given by

_ L+gretanGyl, | 1+ jretanGylr
I jtan Byl | TetjtanByln
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where [,(= 27/A,) is the phase constant and A, is the guide
wavelength for the TE;; mode of the air-filled rectangular
waveguide. The corresponding reflection coefficient can be
given by
r, - i Un.
+ y’ll
The authors clarify that the drop in the efficiency evaluated
by use of (4) leads to small radius of the circle I'g, on
the Smith chart. As we can see from (3), the small raduis of
[g,n leads to small radius or shifted center of the circle I',,.

(10)

O

Fig. 4: An equivalent transmission line model

To examine these effects, we derive the center z; and radius
r; of the circle [',, and the efficiency in the section of the
sliding shorts, 7 in terms of the transmission line model. In
the following, we will concentrate two methods for avoiding
the drops in the efficiency which we have proposed before.

A. One Sliding Short is Fixed and the Other is Movable

A problem in the evaluation of the radiation efficiency in
accordance with the principle of the reflection method is to
take a considerable amount of time to measure the reflection
coefficients for many positional combinations of two sliding
shorts. To overcome this problem, the authors have proposed
to evaluate the radiation efficiency with a sliding short fixed
and the other sliding short moved.

The above situation can be analytically modeled by the
transmission line model. For example, if the left sliding short
is fixed, or, /;, is constant and the admittance looking to the
lelt side [rom the antenna is denoted by y; as

_ 1+ grctan Gyl

_ . 11
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Since [, is an arbitrary variable, I",, draws a circle on the Smith
chart. The center z; and radius 7; of the circle are given by

clynl? + (14 r0)ys + (1= o)y,
el P (L) (yr +yp) +2(1+re)?’
_ 2(1 —r2)
U ey P (L ey +vp) + 20+ ro)?
Then, from (8), the efficiency for the movable short-circuited
line Mjne is given by

C2refynP + (L= re)*(yr +yp) —2(1 —72)
21 —r2)

_l—re+ 72 7¢(re — 2) + (1 — 27¢) tan? Bolr

To1—¢2 72 + tan? Byl '

Next, we explain corresponding experimental results. In this
measurement, the left sliding short is fixed and the right sliding
short is moved from [ = 60mm (o [ = 130mm at 10mm
intervals and then the reflection coefficients of the antenna
inserted into the waveguide are measured. Fig. 5 shows the
relation between the frequency and the total efficiency e
for various I;s. As we can see from the figure, the drops
of the efficiency are observed at 1.5GHz, 1.6GHz, 1.7GHz,

(12)

Zp =

(13)

Thine =

14
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Fig. 5: Measured efficiency 7ne of 40mm monopole when the left sliding
short is fixed
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Fig. 6: Comparison between 7jjne and e for I, =130mm

and 1.8GHz for /;, = 130mm, 120mm, 110mm and 100mm,
respectively. Thus, we can see that the frequency for the drop
of the efficiency is higher, as [;, is smaller, or, the left sliding
short is closer to the antenna.

Fig. 6 shows 7 and mine as a function of the frequency.
Thet Can be evaluated in accordance with the principle of the
reflection method, whereas m,e can be estimated by (14) with
r. = 0.003. The value of the normalized resistance r. can be
determined by the least-square method. As we can see from
Fig. 6, M denotes the same tendency of 7. Then, we can
infar from the difference between 7ner and Mine at frequencies
without drops that the true radiation efficiency is almost unity,
so that the behavior, especially. the sharp falls in the measured
efficiency can be determined by the loss at the cavity wall and
the cavity resonance. Furthermore, Fig. 6 gives us the validity
of the proposed transmission line model.

The range for mu,e > O can be determined by (15), as
follows:
re(2 —1e)

15
1—2r. (13
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The above inequality means that we should select the proper
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Fig. 7: The center z; and radius r; of the circle 'y, and mi,. versus tan 3,17

distance between the antenna and the left sliding short, I;,, if
the efficiency for the section of the sliding shorts is positive.
The above inequality also shows that the drop in the efficiency
can be observed in a certain frequency band. This fact confirms
our experimental results as shown in Fig. 5. And the deepest
fall in the efficiency corresponds to the minimum of (14) which
is negative and given by

1—re+72 7. =2

1—1r2 Te

The above can be obtained by substituting tan 5,/;. = 0 into
(14). When tan 8,1 = 0 or I, = n), (n:integer), the antenna
is located at the null points of the standing wave.

Fig. 7 shows the center z; and the radius r; of the circle I,
and the efficiency in the section of the sliding shorts 7,e as
a function of tan 8,lr.. When tan SB,l;, > 0.077, mipe > 0. As
the value of tan F,l;, is larger, the efficiency is more stable
in the sense that the efficiency is not affected by the loss of
the shorts. On the other hand, the efficiency becomes negative
or unstable, when tan 5,l;, = 0. To examine the effect of
selecting tan 5,1y in detail, Fig. 8 shows the efficiency as a
function of the frequency for {;, = 130mm and the locus of
the circle I',, on the Smith chart. For example, tan Gy, =1
corresponds to 1.326GHz or 1.750GHz where n, is nearly
equal to unity. And the locus of I'), coincides with unit circle
on the Smith chart so that the valid efficiency can be obtained.
When tan B,l; = 0.077, the radius of the circle is smaller
than unity so that the evaluation of the efficiency is unstable.
When tan §,0;, =0, I, is focused at one point on the Smith
chart, or, the circle can not be determined so that the efficiency
is indeterminable. As mentioned above, we can find that the
efficiency is more stable as the value of |tan &4l | is larger.

< 0.

(16)

Tine | min —

B. Both Sliding Shorts are Movable

To avoid the falls in the efficiency due to the loss of the wall
at the cavity resonance. we have proposed that two sliding
shorts are moved with [;, = [g. This is because the antenna is
located at the maxima or minima of the standing wave, then
the magnitude of the reflection coefficient is equal to unity.
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Since |I',,| = 1. the falls in the efficiency due to the loss of
the sliding shorts can not be observed.

The above situation can be analytically modeled by the
transmission line model. When [ = [, = [g, the admittance
looking from the antenna is given by

5 1+ jr.tan Gyl
et jtan Gyl

an

Yn

Since [ is an arbitrary variable, I',, draws a circle on the Smith
chart. The center z; and radius r; of the circle are given by
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Then, from (8), the efficiency for the movable short-circuited
line, Mjipe. 1S given by

1—(5/2)rc +7?

20
1—1r2 20

Mine =
The efficiency in the section of the sliding shorts 7y, is
independent of the frequency and the distance between the
antenna and the short, and is constant which is nearly equal
to unity because of r. < 1. That is, although a slight loss due
to the resistance of the shorts can be produced, the falls in the
efficiency can not be observed.

Next, we explain corresponding experimental results. In this
measurement, two sliding shorts are moved from ! = 60mm
to I = 130mm at 10mm intervals and then the reflection
coefficients of the antenna inserted into the waveguide are
measured. Fig. 9 shows the efficiency 7. in accordance with
the above method as well as the radiation efficiency 7,,; and
the efficiency in the section of the sliding shorts 7., whose
value is estimated to be 0.99 when r. = 0.003. As we can see
from Fig. 9, we can confirm that the shrap fall in the efficiency
can not be observed.
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4. CONCLUSION

A serious problem in measuring the radiation efficiency of
the small antenna in accordance with the reflection method is
the drop in the resulting efficiency at and near the resonant
frequency of the cavity which is formed by the waveguide and
two sliding shorts. In this paper, we introduce the transmission
line model including the wall resistance of the cavity, and we
analytically clarify that the measured efficiency is equal to the
product the true radiation efficiency of the antenna and the
efficiency in the section of the sliding shorts. Then, for two
ways to avoid the fall in the efficiency, we rigorously derive
the expressions for the efficiency in the section of the sliding
shorts. We can also see that the drop appears in the efficiency
when the radius of the circle which is drawn by the locus
of the reflection coefficients is much smaller than unity in the
Smith chart. As is well known, this is because the resistance of
the wall is larger as the cavity is resonant. This interpretation
is consistent with the other researcher’s works. By estimating
the resistance of the walls properly, we can predict not only
the frequency but also the frequency band for the drop in
the efficiency. These results can support our transmission line
model for the sliding shorts in the reflection method.
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APPENDIX

When z =Ty pn —S11,a = S22, b= S3,, (2) can be reduced

to
z

az+b’
The circle I',, has a center of z; and a radius of r;, then it
can be denoted as I',, = z; + r;e7%, where 6,, is real. By
substituting I',, into (21) and solving for €% then
it _ (1 —az)z—bz _ Az +B_
ar;z + br; Cz+ D
where A =1—az;, B =—bz, C =ar;, D = br;. Note that
|e7%|2 = 1, (22) can be reduced to
_ —A*'B+C*D|* |AD-BC
AR —=1C]? | [JAR=C)?
The circle I'yg ,, has a center of S11 + 2, and a radius 7, then

—A'B+C'D oz —a'(r? — |z)?)

r,=

2D

(22

2

(23)
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Solving (25) [or |b],
o] = % (11— azf — |ral?). (26)
Therefore, we can find |z,| from (24) as follows:
|z6| = :—j |z — a*(r? — |=]?)| .- 01))

Introducing the phase of z,, ¢. we can find a as follows:

1 |za| .
a=—5—— 2 —r "8 7%) . 28
o (e o
Then,
T |ZO| i
l—azi= ———— (r— 2z e, 29
az; T? — |z1|2 (Tz i o € ) : 29
(26) can be given by
o= el (el i) [
o 2=z e
1 XA
N (== )| F23 . (30
r%f|zi|2<1 oo

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