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WIRELESSLY POWERING: THE FUTURE

Synthesis loss in receiving array antennas
and transmission efficiency in the Fresnel

region

SEISHIRO KOJIMA, NAOKI SHINOHARA AND TOMOHIKO MITANI

We address transmission between array antennas in the Fresnel region, where there is a difference between the theoretical and
actual transmission efficiencies. In particular, we focus on the effect of synthesis loss in the receiving antenna’s power com-
biner circuit caused by amplitude and phase differences among the signals received by the elements. We designed 24 GHz
array antennas and investigated the effect of synthesis loss on transmission efficiency via simulation. The synthesis loss
was found to increase for smaller transmitting antenna sizes and larger receiving antenna sizes. In addition, to clarify the
origin of the discrepancy between the theoretical and actual efficiency values and accurately estimate the efficiency, we
defined four other loss factors and calculated them via simulation. Based on the results obtained, we propose an approximate
equation for transmission efficiency in terms of synthesis loss and aperture efficiency. Finally, we calculate the efficiency with
the effect of the loss factors included and confirm that the calculated and measured efficiencies are almost identical.
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. INTRODUCTION

Wireless power transfer (WPT) techniques have attracted
much attention as an innovative technology and WPT is
expected to have applications in various fields, such as electric
vehicles, wireless sensors, and energy harvesting devices [1, 2].
In particular, WPT via microwave and millimeter waves has
attractive features such as long transmission range and
broad transmission power range. The total WPT efficiency
depends on the RF-to-DC conversion efficiency of the rectifier
and the transmission efficiency between the transmitting and
receiving antennas.

Millimeter wave WPT is becoming an important research
topic, as is the development of wireless communication.
Millimeter wave WPT has the advantage of allowing the use
of smaller and lighter devices than those required for micro-
wave WPT. To date, several millimeter wave rectifiers have
been developed and their design frequencies, measured
maximum RF-to-DC conversion efficiencies, input powers,
and load characteristics are presented in Table 1 [3-8]. The
data presented in Table 1 show that either several dozens of
milliwatts of input power or a very large load is required to
achieve high efficiencies.

Rectenna is a receiving device that consists of a rectifier and
an antenna. Generally, an array of rectennas is used as the
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receiving antenna in WPT systems. The transmission efficiency
when a receiving antenna consists of rectenna arrays was dis-
cussed in [9, 10]. Unfortunately, in millimeter wave WPT, it
is difficult to receive a large amount of power and achieve
high RF-to-DC conversion efficiency using a rectenna because
a millimeter wave antenna is very small, only a few millimeters
in size. One possible solution to the problem of achieving high
RF-to-DC conversion efficiency is to combine the received
power by all the elements in the antenna array and input the
combined power into a rectifier. In this paper, we focus on
transmission between array antennas in the Fresnel region.

In microwave and millimeter wave WPT, it is necessary to
locate the transmitting and receiving antennas in the Fresnel
region to achieve high efficiency. Supply to radio frequency
identification, sensor network, and electric vehicles, etc. are
raised as the applications of WPT in the Fresnel region [2, 11].
The transmission efficiency between antennas in Fresnel
region can be calculated by considering the antennas as the
aperture antennas [12-16]. The relationship between the illu-
mination of the transmitting aperture and the transmission
efficiency, and ways to improve the efficiency, have been dis-
cussed for low-level side robes in [13-15]. Uno and Adachi
[16] have investigated optimizing the transmitting aperture
illumination to maximize transmission efficiency while main-
taining safe power levels for the outside receiving antenna.
Recently, the more efficient methods have been proposed to
calculate the efficiency of a WPT system in the Fresnel
region [17, 11]. Moreover, the method has been proposed,
which discussed the transmission between very small anten-
nas compared with wavelength in the near field [18]. In
these previous studies, the antennas often were assumed to
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Table 1. Millimeter wave rectifiers developed in previous studies.

Previous  Frequency RF-to-DC Input power Load
study (GHz) conversion (%) (mW) Q)
[3] 24 47.9 210 120
[4] 24 42 18 -
(6] 35 34 20 -
(5] 35 39 51 400
(7] 35.7 67 7 1000
[8] 34.8 63.2 75.1 430

be lossless, and this assumption causes the gap between theor-
etical and actual efficiencies. Therefore, it is necessary to con-
sider the effect of the losses that occur in actual devices due
to, for example, the radiation and absorption efficiencies of
the antennas [9, 19-22].

In this paper, we use array antennas not only for the trans-
mitting antenna but also for the receiving antenna to combine
the received RF power by all the elements at the power com-
biner circuit. In the Fresnel region, the waves incident on the
receiving antennas are not plane waves; therefore, the ampli-
tude and phase differ for each element of the receiving array
antenna. In this case, the loss occurs at the combiner circuit
when the power received by the individual elements is com-
bined. In this paper, we call this the synthesis loss, and it can
be considered as an origin of the difference between theoretical
and actual efficiencies in the Fresnel region transmission.

In the measurement conducted in our laboratory, there was
a large gap between the measured and theoretical efficiencies
of 20 and 90%, respectively, for the developed 2.45 GHz array
antennas in the Fresnel region [22]. In this study, the power
received by the elements was combined at the power combiner
circuit and it was input to rectifiers. Therefore, the synthesis
loss is considered to have the large effect on the efficiency
for the transmission between array antennas in the Fresnel
region. There is a previous study [23] which addressed the
transmission between array antennas in the Fresnel region;
however, this study mainly focused on the transmitting
antenna and reported the advantage of focused beam.
Therefore, to date, the effect of synthesis loss on the transmis-
sion efficiency has not been elucidated. In this work, we use
simulations to investigate the effect of the synthesis loss.
Moreover, we also define four other loss factors and use simu-
lations to calculate their effects on transmission efficiency,
accurately estimating the efficiency and identifying why the
theoretical and actual efficiencies are so different.

In this paper, we address transmission between array
antennas in the Fresnel region and focus on synthesis loss in
the combiner circuit of the receiving array antenna in the
Fresnel region, which has not been elucidated in detail. We
have designed 24 GHz array antennas and used simulations
to calculate the synthesis loss when these antennas were
used both as transmitting and receiving antennas. In addition,
to discover the reason for the difference between the theoret-
ical and actual efficiencies and accurately estimate the effi-
ciency, we define and calculate four other loss factors,
namely antenna loss, reflection loss, absorption efficiency,
and distribution deviation loss, for the simulation, as
described in Section IV. Based on these results, we propose
an approximate equation for transmission efficiency in
terms of synthesis loss and aperture efficiency. Finally, we cal-
culate the efficiency with the effects of all loss factors included

and confirm that the calculated and measured efficiencies are
in good agreement within a certain range. This study was
performed using the finite element method (FEM) unless
otherwise noted.

Il. THEORY OF TRANSMISSION
EFFICIENCY BETWEEN ARRAY
ANTENNAS

In the Fresnel region, there is a large error in the transmission
efficiency obtained from the Friis transmission equation
because the incident wave entering the receiving antenna is
not a plane wave. By regarding the transmitting antenna
and the receiving antenna as apertures, the transmission effi-
ciency can be calculated as follows [12-16]. Figure 1 shows the
calculation model of transmission efficiency. The transmitting
and receiving antenna face each other and the transmitted
beam is incident on the receiving antenna perpendicularly.
The electric field phase illumination on the aperture of the
transmitting antenna, shown in Fig. 1, is assumed to be
uniform and the electric field at the transmitting antenna is
given by g(x, y). The distance between the transmitting and
receiving antennas is shown by d and, the electric field
f(u, v) at the aperture of the receiving antenna is given by

efjk-r

400 400
f(u,v) :]i)\.[ j g(x, y) dxdy, (1)

—o00

||

where r is the vector from the source point (x, y) to the point
(u, v), A is the wavelength in free space, and k is the wave
vector. If the aperture sizes St and Sg are sufficiently smaller
than d, f(u, v) can be rewritten as follows:

il
T =5 Lo j_wg(’“’”
X exp [:—Jdk {w—x?+ - y)z}:|dxdy. (2)

The transmission efficiency 7 is defined as

_ P Ifsk [f (u, v)I*dudv

=5 I, e Py ®

where P, is the received power and P; is the transmitted
power. We can therefore calculate the transmission efficiency

/u

0 o’ z
ST SR

Transmitting antenna Receiving antenna

Fig. 1. Model for the calculation of transmission efficiency between array
antennas.
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if g(x, ), d, S1, and S are known. However, there is a large dif-
ference between the theoretical efficiency obtained and the
measured efficiency because the calculation does not consider
the effect of losses in the transmission process. In particular,
the synthesis loss in the combiner circuit of the receiving
array antenna is expected to be large in the Fresnel region.

I1. CALCULATION OF SYNTHESIS
LOSS

A) Designed array antenna

Using the three-dimensional electromagnetic simulator HFSS
from ANSYS, we designed array antennas for transmitting
and receiving antennas as shown in Fig. 2. These consisted
of 16, 64, and 256 rectangular microstrip antennas with a fre-
quency of 24 GHz. To evaluate the effect of antenna size on
synthesis loss, we designed three models. The substrate para-
meters are shown in Table 2. The distance between the ele-
ments was 0.8A (10 mm) and the designed array antennas
had a feeding point at the center. Moreover, the feeding
circuit was designed to excite a uniform amplitude and

phase for all elements.
z
y

X

Unit [mm]

80

64 elements

16 elements

160

160

256 elements

Fig. 2. Simulated array antenna models.

Table 2. Substrate parameters.

Thickness (mm) Relative permittivity tand

0.4 2.16 0.0004

B) Synthesis loss in T-junction power
combiner circuit

T-junction power combiner circuit schematic is shown in
Fig. 3. As shown in Fig. 2, the power combiner circuit of the
developed antennas consisted of connected T-junction
power combiner circuits. Here, let Z, be the characteristic
impedance and L be the length of the transmission line,
with a; and b; specifying the input and the output signals,
respectively, at port i. For the receiving antenna, |a,|* and
|a,|* are the power received from each element and |b,|* is
the combined power. Therefore, the synthesis loss « of the
power combiner circuit is given by

b, >
a=1 Ll (4)

las|* + |u3|2 '

By calculating the S-parameter matrix of the power com-
biner circuit, we obtain

b1 o 1/\/5 1/\/E a,
b, | =e PPl 1/ 2 —1/2  1/2 || a|. (5)
b, 1//2  1/2 —1/2 || a,

Here, B is the phase constant. Assuming a, = xa,e 7%,
where x is the amplitude ratio and 6 is the phase difference,
« can be rewritten as

1+ x* + 2xcos 6

2(1 + x?) ©

a=1

when a, = a,, x=1, = o, and o = o. However, as can be
seen from equations (5) and (6), if x # 1 or 6 # o, the syn-
thesis loss occurs and is specified by b, and b,. b, and b, are
the reflected signals for each element and they are radiated
into space again from the elements.

C) Synthesis loss in the receiving antenna

To calculate the synthesis loss in the receiving antenna, we
first calculated the electric field at the designed receiving

Port3 2Z, Port2 2Z,
b, 2Z,L 2Z,L b
Ap— —

| b,

a |

Portl  Z,

Fig. 3. T-junction power combiner circuit.
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antenna fy(u, v), using HESS. The electric field on the plane
away from the transmitting antenna was used as fy(u, v).
Second, we divided the receiving plane into elements and
extracted the magnitude and phase of the power received by
each element from the f;(u, v) data. Third, we substituted
the extracted data into equation (5) and obtained some
output values b,, which were then repeatedly substituted
back into equation (5) until the output converged to a signal
value, thus allowing us to obtain the combined power Pi.
Finally, we calculated the synthesis loss according to

| fa(u, v)I?
B ffSR Tdudv — PS

s =

3 , (7)
IISR |fd(:sZV)| dudv

where Z denotes the characteristic impedance in free space.
Figure 4 shows the calculation results. The horizontal axis
shows the ratio of the distance to the edge length of the trans-
mitting antenna D, or the receiving antenna D,. The range of
the Fresnel region is 0.62,/D; /A to 2D?/A [24], and the nor-
malized ranges for 16, 64, and 256 elements are 1.1-6.4, 1.6-
12.8, and 2.2-25.6, respectively. Examination of Fig. 4 shows
that while the synthesis loss is small when the receiving
antenna is in the far field, it cannot be ignored in the
Fresnel region. Figure 4(a) shows the synthesis loss when
the 64-element array was used as the receiving antenna,

indicating that smaller transmitting antennas clearly have
higher synthesis loss. In addition, it was found that the peak
was at the same ratio of about 3 in all cases. Figure 4(b)
shows the synthesis loss when the 64-element array was
used as the transmitting antenna, indicating that larger receiv-
ing antennas have higher synthesis losses. This is due to the
large differences in amplitude and phase between the center
and the edge of the receiving antenna for large receiving
antenna. Again, the synthesis loss peak was located at a
ratio of approximately 3 in all cases. These results show that
the peak position depends on the size of the transmitting
and receiving antennas. Figure 4(c) shows the synthesis loss
when the transmitting and receiving antennas were the
same size, and indicating that the peak position moves
roughly in proportion to the antenna size. In summary, if
the transmitting antenna is small or the receiving antenna is
large, the synthesis loss is higher and the loss peak position
is approximately proportional to the size of the transmitting
and receiving antennas.

Next, we investigated the relationship between synthesis loss
and transmission efficiency. Transmission between array
antennas can be expressed as a two-port S-parameter matrix,
as shown in Fig. 5. The designed antennas consist of passive ele-
ments, and therefore the two-port circuit is a passive circuit. In
this case, the S-parameter matrix has the characteristic that
S,1 = S,,, showing that the transmission efficiency stay the
same if we change the direction of transmission and reception.

20 — , . .
70 - }
60 — ;
= ;
250 i E
i '
o407 r i
o '
o |
= 30 s '
£, I
w1 20 )
i | m
0 — : =
0 0 2 3 4 6 8 10 12 14
Distance/Dt Distance/Dr
(a) (b)
25 T o 1 . ‘
! —&—Tx-Rx 16
H —w—Tx-Rx 64
20 -t —=—Tx-Rx 256
S |
215} :
2 !
] H
7 :
S0t ‘
> !
75] H
5 :
0 | | !
0 2 3 4 6 8 10 12 14
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Fig. 4. Calculated synthesis loss in the combiner of the receiving antenna. (a) Rx: 64 elements. (b) Tx: 64 elements. (c) Tx and Rx are the same.
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311
521

Signal
source

Load

Rectifier

512]
522

Fig. 5. Equivalent circuit for the WPT system.

Assuming transmission between 16- and 64-element array
antennas, the theoretical efficiencies calculated using equation
(3) are shown in Fig. 6. The efficiencies when the transmitting
and receiving antennas were 16 and 64 elements, respectively,
did not match the efficiencies for the reversed case at distances
smaller than 8o cm. However, the values became identical when
the effect of synthesis loss was included, as shown by the dotted
lines in Fig. 6. This indicates that the difference in theoretical
efficiency before and after exchanging the transmitting and
receiving antennas can be compensated for by including the
effect of synthesis loss. It is therefore very important to consider
synthesis loss to accurately estimate transmission efficiency in
the Fresnel region.

V. DEFINITION OF OTHER LOSS
FACTORS AND THEIRIMPACT ON
TRANSMISSION EFFICIENCY

To identify the origin of the gap between the theoretical and
actual results and to accurately calculate the efficiency, we
defined four other loss factors in addition to synthesis loss.
As shown in Fig. 7, these are the antenna loss L,, reflection
loss L,, absorption efficiency 7,, and distribution deviation
loss L.

The antenna and reflection losses simulated using the
model shown in Fig. 2 are presented in Table 3. The reflection
loss was small for all array sizes; therefore, the input imped-
ance matched the port impedance in all cases.

A) Distribution deviation loss

While the theory, described above, assumes that the phase of
electric field g(x, ) of transmitting antenna is uniform, this is

—e&—Theory(Tx 64, Rx 16)

Q —s—Theory(Tx 16, Rx 64)
i 80 F =g [ncluding synthesis loss(Tx 64, Rx 16)
? -4 [ncluding synthesis loss(Tx 16, Rx 64)
b
o 607
=
5]
a2
S a0 . A
7] B,
ol 254
g

an b
2@
—

]
0 . .
0 20 40 60 80 100

Distance [cm]

Fig. 6. Relationship between transmission efficiency and distance, calculated
using equation (3), with and without synthesis loss.

2) Antenna loss: Lyt 2) Antenna loss: Lag

+ Conductor loss
* Dielectric loss

1t

4) Absorption

+
5) Synthesis loss: Lg
efficiency: 1, )

1) Reflection

loss: L, .
Input ‘ : Output
Tx Rx

3) Distribution deviation loss: Ly
{ Loss due to the deviation from theoretical distribution )

Fig. 7. Loss factors in the transmission process.

not so for array antennas due to the mutual coupling between
the elements, the asymmetric structure of the antenna, and the
discontinuity of the wave sources. Therefore, the beam pattern
is different from the theoretical model, and the power reach-
ing the receiving antenna P, may be lower. We call this the dis-
tribution deviation loss L, and it is given by

o [ f5, fatu, v)[*dudv
L= Zfs Re[f;?s x Hg] - dS, ©

where S is the closed surface surrounding the antenna and Eg
and Hg are the applied electric and magnetic fields on S,
respectively. This loss factor means how much power concen-
trates on the receiving antenna using the case of uniform amp-
litude and phase distribution as the standard. By adjusting the
distribution of transmitting antenna to form a high-efficient
beam such as Gaussian beam, L; can be a negative value
and this condition means the more power concentrates on
the receiving antenna than uniform amplitude and phase
distribution.

Figure 8 shows the calculation results. As with the synthesis
loss results, the horizontal axis represents the normalized dis-
tance. Figure 8(a) shows the distribution deviation loss when
the 64-element array antenna was used as the receiving
antenna. Regardless of the number of elements in the trans-
mitting antenna, the loss converged to a constant value with
increasing transmission distance because only the main
beam is incident on the receiving antenna at large distances.
The constant values for 16-, 64-, and 256-element transmit-
ting array antennas were about 21, 23, and 27%, respectively,
showing that the loss increases with the number of transmit-
ting antenna elements. This is due to the increasing effect of
the mutual coupling between the elements and the inessential
radiation from the feed circuit. Figure 8(b) shows the distribu-
tion deviation loss for the 64-element transmitting array
antenna. The loss converged to the same constant value

Table 3. Antenna and reflection losses for the simulated array antennas.

Array size L, (%) L, (%)
16 77 0.17
64 11.8 0.33
256 19.3 0.44
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Fig. 8. Calculated L, results for the designed array antennas. (a) Rx: 64 elements. (b) Tx: 64 elements.

regardless of the size of the receiving antenna, consistent with
the definition of distribution deviation loss.

B) Absorption efficiency

Generally, antennas cannot completely absorb the power inci-
dent from space due to mutual coupling and impedance mis-
matches. Figure 9 shows the simulation model used for the
absorption efficiency calculations. In the simulations,
the plane wave was incident on the receiving antenna from
the top and the receiving antenna terminated in a 50() load
because it was designed assuming an input impedance of
50(). We define the absorption efficiency 7, as follows:

Pr/(1 — Lag)
fJ'SR |fd(:‘azv)| dudv

N, = (9)

where Py is the power consumed at the 50} load connected to
the receiving antenna. The denominator is the power incident
on the receiving antenna and the numerator is the power
absorbed from space.

Table 4 shows the absorption efficiency results. The
absorption efficiency decreased as the array size increased
due to the increasing effect of mutual coupling. It should be
noted that the absorption efficiencies obtained in this simula-
tion included the reflection loss at the receiving antenna feed.

Fig. 9. Simulation model for the calculation of absorption efficiency.

C) Transmission efficiency including the
effects of the defined losses

By using defined loss factors, we now propose an improved
efficiency 7' that includes the effect of all the defined loss
factors as follows:

n =1 —L)1 —Lip)(1 — Lp)(1 — L)(1 — Lap),m.  (10)

We confirmed the validity of equation (10) using simula-
tions with the model shown in Fig. 10. For the simulations,
we used the HFSS Hybrid solver, which combines FEM with
the method of moments. Based on these simulation results,
we then calculated the transmission efficiency from |[S,,|>.
Figure 11 shows the simulated efficiency and the efficiency cal-
culated using equation (10). The calculated and simulated effi-
ciencies were almost identical at distances >12.5 cm.
However, they differed at shorter distances than 12.5 cm,
which can be attributed to fluctuations in the simulated effi-
ciency due to the presence of standing waves between the
antennas. Thus, equation (10) is valid for distances where
the effect of standing waves is small.

Table 4. Calculated absorption efficiencies.

Array size 16 64 256

Absorption efficiency (%) 76.4 75.1 70.6

»

Fig. 10. Simulation model for transmission efficiency.
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Fig. 11. Comparison of the simulated efficiency and the efficiency calculated
using equation (10).

V. RELATIONSHIP BETWEEN LOSS
FACTORS AND EFFECTIVE
APERTURE AREA

It is well known that the transmission efficiency can be calcu-
lated from the Friis transmission equation in the far field. This

includes the effect of losses by reducing the effective aperture.

12 T r r .

9

Near felid aperture area [cm”)
=

95t

L=}

oo
L

0 10 20 30 40 50
Distance [cm]

(a)

Table 5. Comparison between effective aperture in the far field and the
converged Ay, and Ay, values for L; = o.

Array size A (cm?) Apne(em?) Ap,(cm®)
16 11.7 11.8 11.3
64 43.5 43.1 42.4
256 152.6 150.2 146.0

We therefore investigated the relationship between the loss
factors calculated above and the effective aperture. We
defined the effective aperture in the Fresnel region in terms
of these loss factors and the physical sizes of the transmitting
antenna A, and the receiving antenna A, as,

Ant = (1 = Lar)(@ — L)(1 — La)Ay, (11)

Anr = (1 = Lap)(1 — L), A4y, (12)
where Ay, and Ay, are the effective apertures of the transmit-
ting and receiving antennas, respectively, in the Fresnel
region. The results, shown in Fig. 12, indicates that, as the dis-
tance increased, An; converged to a constant value and Ay,
increased because L; converged to a constant value while L
decreased. Table 5 shows the effective aperture in the far
field A, and the constant value of Ay as well as the converged
value of Ay, when L, = o. The converged value of Ay, was

44 : : : :
N': HM
54
1
S
5401
p
£ 38}
L]
o,
o]
=361
2
g 341 ——A,,
Z _E_ANr
32° . :
0 20 40 60 80 100
Distance [cm]
(b)

160 r

150

140 -

130

120

Near felid aperture area [sz]

110
0

50 100

150

Distance [cm]

(c)

Fig. 12. Calculated Ay, and Ay, values as a function of distance. (a) Tx: 16 elements, Rx: 16 elements. (b) Tx: 64 elements, Rx: 64 elements. (c) Tx: 256 elements, Rx:

256 elements.
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almost identical to A,, and Ay, stayed almost the same even
when the distance was small. It can therefore be assumed
that Ay, &~ A,. Conversely, it was found that the converged
value of Ay, was almost identical to the effective aperture in
the far field, indicating that the effective aperture is decreased
by synthesis loss in the Fresnel region. Therefore, assuming
ANy~ (1 — Ly)A,, we rewrite equation (10) as

N~ (1 — L)Ny s (13)
where m4; and n,, are the aperture efficiencies of transmit-
ting and receiving antennas in the far field, respectively. This
shows that the transmission efficiency can be calculated by
including the effect of synthesis loss in the aperture effi-
ciency. Assuming that the transmission distance is suffi-
ciently large and that the receiving antenna is in the far
field regime, the synthesis loss L, = o. Moreover, in the far
field, m calculated using equation (3) should be equal to
the efficiency, A,A,/(Ad)?, given by the Friis transmission
equation assuming the aperture efficiencies of the transmit-
ting and receiving antennas are equal to 1. Therefore,
according to equation (13), 1 is identical to the result
given by the Friis transmission equation in the far field.
This conclusion shows the proposed method can be
applied to when the transmitting and receiving antennas
are in the far field, not only in the Fresnel region.

VI. MEASUREMENT OF
TRANSMISSION EFFICIENCY

A) Fabricated array antennas

The fabricated array antennas are shown in Fig. 13. We used
NPC-H220A form Nippon Pillar as the substrate, with a thick-
ness of 0.37 mm, a dielectric constant of 2.16, and tand =
4.0 X 10 *. Figure 14 shows the |S,,| values obtained for the
fabricated array antennas, where it should be noted that simu-
lated |S,,| data for 256 elements are not shown because the
computational cost would have been too great. It can be
seen from Fig. 14 that the impedances of the fabricated anten-
nas matched. The connector and roughness losses are consid-
ered to be due to manufacturing errors. Roughness loss is
caused by the surface roughness of the dielectric and signal
line. Since these factors are not considered in the simulation
model, they were estimated.

We used PSF-Soo-o00 from GigaLane for the connector
and the connector loss was measured by using short 50}
microstrip line circuits, obtaining a result of 0.31 dB. The
roughness loss was calculated in HESS by setting the surface
roughness to 0.5 pm, resulting in losses for the 16-, 64-, and
256-clement arrays were of o0.24, 0.37, and 0.68 dB,
respectively.

B) Measurement

The measurement environment is shown in Fig. 15. We con-
ducted the measurement in an anechoic chamber. The effi-
ciency of the transmission between the antennas was
measured using a vector network analyzer and was given
by |S,,|*. Figure 16 shows the measurement results and the
efficiencies calculated using equations (10) and (13). Here,

64 elements

160

e

;;%ﬁ‘iu-u

' !fﬂl m -;-]-lu 'u

[y e
sl Lag
K -ﬂ qun.

(s

JLare) e[ )

Fc |

160
L3

5 “\HI

256 elements

Fig. 13. Image of the fabricated array antennas.

the calculated efficiencies include the effects of connector
and roughness loss, as described above. It should be noted
that Fig. 16 shows the maximum and minimum values of
the measured efficiency for each approximate transmission
distance because the efficiency fluctuates with about a half
wavelength period, about 6 mm, for small transmission dis-
tances. The horizontal axis shows the distance normalized by
the larger of the edge lengths of the transmitting antenna D,
and the receiving antenna D,. The efficiency calculated using
equation (13) was almost identical to that obtained using
equation (10) in all cases, indicating the approximate calcu-
lation is useful. These results did not match the measured
efficiencies in the range where the transmission efficiency
fluctuated because we did not consider the standing wave
effects caused by multiple reflection; however, they were
almost the same elsewhere. The efficiencies calculated by
including the effects of the loss factors were therefore valid
at the distances where the fluctuation was small. Defining
dr as the distance where the Fraunhofer region begins, the
green dotted lines as shown in Fig. 16, it can be seen that
equations (10) and (13) are valid when the distance
between antennas is larger than about 0.6dr. However, dg
is obtained by 2D?/A, using the larger of D, and D, as D. In
Fig. 16(c), the difference between the measured and calcu-
lated efficiencies is larger than in the other cases, which
can be attributed to the effect of fabrication error and large
errors in the loss factor estimates for the 256-element array
antenna.
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Fig. 14. Simulated and measured |S,,| of fabricated array antennas. (a) 16 elements, (b) 64 elements, (c) 256 elements.

C) Effect of multiple reflections

We tried modeling the effect of multiple reflections on the
measured results based on multiple reflections in a transmis-
sion line. Figure 17 shows a transmission line circuit with a
length of d, and a propagation constant of . In this case,
the output signal s, including the effect of multiple reflections,
is given by [25]

Tpsie "% (14)
So=—F i, 1
O T I T e 4
where I'; and T} are the reflection and transmission coeffi-
cients, respectively, of waves incident on the load Z; from
the source and I’ is the reflection coefficient of waves incident

|

Fig. 15. Photograph of the measurement environment.

on the load Z; from the transmission line. The power trans-
mission efficiency 7, is given by

_ [So]?
Isi|*

e

|TL|2e—2adg
1 — 2l Tpe2ed cos 28d, + |T|? | |2e—4ede’

(15)

where y= a + jB, a and S being the attenuation and phase
constants, respectively. This calculation assumes that I'; and
I'; are real values.

We now apply this model to transmission between anten-
nas. Applying the transmission line model is to assume that
the propagating waves are TEM waves. Although this assump-
tion would cause some errors because the propagating waves
are not plane waves in the Fresnel region, we applied the
transmission line model for simplicity. In general, the power
reflection coefficient I', and the reflection coefficient I', are
related by I', = |I',|? and |T;|* = 1 — I',. Defining I'y,, and
I'r. are the reflection coefficients of the transmitting and
receiving antennas, respectively, and assuming I'r,, = I'g, for
simplicity, the power reflection coefficient I' of the antenna
is given by I' = I'r,I'g,. In the transmission line model, the
signal power is 1/e2*% when the signal is transmitted along
a transmission line of length d,. It can therefore be assumed
that the attenuation factor 7, between antennas distance d,
apart is 1, &~ ¢"2%%, Using these approximations, the trans-
mission efficiency between antennas 7, including multiple
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Fig. 16. Comparison of the measured results and the results calculated using equations (10) and (13). (a) Tx: 16 elements, Rx: 16 elements. (b) Tx: 64 elements, Rx:
64 elements. (c) Tx: 256 elements, Rx: 256 elements. (d) Tx: 16 elements, Rx: 64 elements.

reflections is given by

(1 - F)no
1—2I'n, cos2fBd, + Iz

nref = (16)

Next, we determine 7, including the effect of the loss
factors estimated in this paper. The reflection coefficients for
the designed antenna depend not only on the absorption effi-
ciency 7, but also the synthesis loss L, because the power lost
due to synthesis loss is radiated into space again from the ele-
ments. Thus it can be assumed I'~ 1 — (1 — L)n,. The
attenuation factor is given by 1, ~ (1 — Lg)n in terms of
the theoretical transmission efficiency 1 and the distribution
deviation loss L; However, it should be noted that this
approximation means that the reflection coefficients of the
reflected waves are identical to that of the first reflection
and, likewise, the attenuation factors of the reflected waves
are equal to that of the direct wave. Assuming these approxi-
mations and considering other loss factors, namely antenna
loss and reflection loss as shown in Fig. 7, the transmission
efficiency 7, is given by

;o (1 - F)(l - Lr)(l - LuT)(l - LaR)no
ref 1 —2I'n, cos2Bd, + I n2

(17)

The efficiency calculated using equation (17) is shown in
Fig. 18 when the transmission and reception arrays both

have either 16 or 64 elements. As discussed previously for
the measurement results, Fig. 18 shows the maximum and
minimum values of the calculated efficiency at each
approximate transmission distance using the parameters
for that distance. The calculated efficiencies show the fluc-
tuations caused by multiple reflections; however, there is a
large discrepancy between the calculated values and the
actual measurements. This indicates that the calculation
overestimated the effect of multiple reflections, because we
assumed that the transmission between antennas was one-
dimensional and could be modeled by the transmission
line model. In fact, it is necessary to consider the phase
and amplitude distributions on the antenna surface in two
dimensions to accurately estimate the effect of multiple
reflections. The one-dimensional approximation neglects
their distributions, meaning that it treats the reflection coef-
ficients and attenuation factors of all reflected waves as being
identical, even though they are different from each other.
When the transmission efficiency is maximized, as shown
in Fig. 18, all reflected waves are in phase with the direct
wave. On the other hand, all reflected waves are opposite
in phase to the direct wave when the transmission value is
minimized. This can be considered why the approximation
overestimated the effect of multiple reflections. To accurately
estimate the effect of multiple reflections, it would be neces-
sary to calculate the reflection coefficient and attenuation
factor for each reflected waves individually. However, this
would be difficult and requires further investigation.
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Fig. 17. Transmission line circuit for modeling multiple reflections.
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Fig. 18. Comparison of the measured efficiencies and efficiencies calculated by

including the effect of multiple reflections. (a) Tx: 16 elements, Rx: 16 elements.
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VIl. CONCLUSION

In this paper, we have investigated transmission between the
array antennas in the Fresnel region, where there is a discrep-
ancy between the theoretical and actual transmission efficien-
cies. We focused on the effect of synthesis loss in the receiving
antenna’s power combiner circuit caused by amplitude and
phase differences among the signals received by the antenna
elements. The synthesis loss was found to be higher when
the transmitting antenna was small or the receiving antenna
was large, peaking at a position approximately proportional
to the size of the transmitting and receiving antennas.
Additionally, it was found that the difference between the

theoretical efficiency obtained before and after exchanging
the transmitting and receiving antennas could be compen-
sated for by including the effect of synthesis loss in the
Fresnel region.

Next, to discover the origin of the difference between the
theoretical and actual efficiency values and accurately estimate
the efficiency, we defined four other loss factors (antenna loss,
reflection loss, absorption efficiency, and distribution deviation
loss) and calculated their values in simulations. Based on the
results obtained, we investigated the relationship between
these loss factors and the effective aperture in the far field.
We found that the effective aperture decreased due to synthesis
loss in the Fresnel region and proposed an approximate equa-
tion for the transmission efficiency in terms of synthesis loss
and aperture efficiency. Finally, we calculated the efficiency
with the loss factors included and confirmed that the calculated
and measured efficiencies were almost identical for transmis-
sion distances larger than 0.6dr. However, the measured effi-
ciency fluctuated at smaller distances due to multiple
reflections and did not agree with the calculated efficiency.
We then tried to model the effect of multiple reflections
based on a transmission line theory, obtaining efficiency
results that showed fluctuations caused by multiple reflections.
However, there was a large discrepancy between the calculated
and measured efficiencies because the proposed model included
many approximations. Further investigation is needed to accur-
ately estimate the effect of multiple reflections. This work clari-
fied the effect of losses on transmission efficiency between array
antennas in the Fresnel region and the results obtained are
expected to be useful as indicators of high efficiency.
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