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Beam Scan Using the
Quasi-Optical Antenna Mixer Array

Toshihiko Nishimura,Member, IEEE,Nozomu Ishii,Member, IEEE,and Kiyohiko Itoh,Senior Member, IEEE

Abstract—The quasi-optical antenna mixer system transforms
an RF signal into an intermediate frequency signal just after it
spatially receives the RF signal and the local oscillator’s (LO)
signal. In this paper, we present a novel beam-scanning system
using the quasi-optical antenna mixer array and describe its prin-
ciple of operation and the experimental results in the microwave
band. The arrival direction of RF signals can be controlled by
adjusting the LO incident angle and/or the LO frequency without
implementing RF circuits such as phase shifters. Therefore, the
novel beam-scanning system has no loss due to RF circuits and
can be easily designed because of its simple composition.

Index Terms—Beam scanning, coplanar waveguide, microstrip
antenna, phased array, quasi-optical antenna mixer.

I. INTRODUCTION

I N beam scanning, a phased-array system [1], [2] such
as that shown in Fig. 1(a) has generally been used. In

this system, some antenna elements are arranged so that
phase shifters electrically switch their phases at RF. The
conduction loss of the phase shifter increases as frequency
increases, especially in the millimeter-wave band. If digital
phase shifters are used, quantized phase errors occur. In this
paper, we present a novel beam-scanning technique using
the quasi-optical antenna mixer [3]–[6] array, as shown in
Fig. 1(b), which overcomes the above problems. In Fig. 1, the
components fringed by a thick line, thin line, and double line
indicate are those designed for RF, local oscillator’s frequency
(LO) and intermediate frequency (IF), respectively. Therefore,
phase shifters can be removed and the feeding circuit can be
designed for a lower frequency if this quasi-optical antenna
mixer array is used.

Transmission lines between the antennas and mixer are
necessary for the conventional receiving system and they
cause more loss as the frequency increases. This is a serious
problem in low-loss design in the millimeter-wave band. The
transmission line should ideally be removed from the system.
We propose the use of a quasi-optical antenna mixer, which
consists of antennas and a mixer to realize a receiving system
that has no transmission line. The quasi-optical antenna mixer
transforms the RF signal, which is spatially received with the
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Fig. 1. Schematic of beam-scanning system. (a) A conventional phased-array
system. (b) A quasi-optical antenna mixer array.

LO into an IF signal. No transmission loss can occur because
there is no transmission line.

In this paper, we describe the principle of the novel beam-
scanning technique and show the validity of this new technique
through experimental results. First, the principle of the beam
scanning is theoretically derived, and the scanning direction
can be controlled by adjusting the LO incident angle and/or
LO frequency. Second, a new microstrip antenna that is fed
by a coplanar waveguide and has two patches on both sides
of the grounded substrates, is designed. This antenna can
separately receive different frequencies and it is used in our
novel quasi-optical antenna mixer. Finally, a four-element
quasi-optical antenna mixer is fabricated and experimented
in microwave band to check the validity of our novel beam-
scanning technique.
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Fig. 2. Arrangement of elements and coordinate.

II. PRINCIPLE OF THE BEAM SCANNING

A. Formulation

Fig. 2 shows the arrangement of our novel quasi-optical
antenna mixer array. The elements are uniformly arranged
along the axis. The number of elements is denoted by.
The origin is defined as the center of the array.

To simplify our discussion, we only consider the plane,
although it can be expanded to three dimensions and we
assume that influences in a field viewpoint, e.g., mutual
coupling between the elements, are ignored. The RF and LO
waves are incident in the upper half-space ( ) and the
lower half-space ( ), respectively. As shown in Fig. 2,
the incident angles and are defined as the angles formed
between the positive direction of theaxis and the RF and
LO arrival directions, respectively. The RF amplitude on the

th element is expressed as

(1)

where is the electric field intensity of the signal arriving
at the th element and is the element pattern of the

th element. Similarly, the LO amplitude on theth element
is expressed as

(2)

where is the electric field intensity of the signal arriving
at the th element, and is the element pattern of the

th element.
Phase differences between two successive elements for the

RF and LO signals, and , respectively, are defined as
follows:

(3)

(4)

where and are wavenumbers for the RF and LO waves,
respectively, and is the element separation between two
successive elements and equals a half wavelength of the RF
in free-space. Now, a quasi-optical antenna mixer element
transforms the RF signal into an IF signal. If an element at
the most negative position along theaxis (#0) is defined as
a reference of the phase in the system, the IF output in the

th element is derived as

(5)

where , are angular frequencies of the RF and LO
signals, respectively; is the conversion gain of the mixer;
and

(6)

(7)

(8)

(9)

(10)

The phase fluctuation after mixing, for example, due to a slight
difference in the length of the transmission line, is denoted
by and . In addition, the symbol represents the
mixing operation, which is defined as the operator to multiply
the product of both sides of the symbol by the conversion gain.

These IF outputs are combined by the power combiner. In
an ideal Wilkinson power combiner [7], the input signal would
be added to the output signals, keeping isolation between the
output ports. Therefore, the combined signal is obtained
as follows:

(11)

where the factor “” is a constant that depends on the number
of elements.

To simplify the discussion, we assume that

• the arrival signal’s amplitude and the conversion gain of
each mixer are uniform:

for

• IF outputs have no phase fluctuation after mixing:

for

Furthermore, by moving the reference of the phase to the
physical center of the array, (11) can be

(12)

Therefore, can be separated into two components: the
up and down conversions. These amplitudes are given by

(13)

(14)
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Fig. 3. Relation of�R and�L as a function of the frequency ratio.

The point is that the IF output amplitudes and behave
as a uniform spacing linear array designed at the corresponding
frequencies and , respectively.

Equations (13) and (14) imply that the amplitude of the IF
output is a function of the RF and LO incident angles and
the RF and LO frequencies (, , , and ), because
and are contained in and . This fact suggests that
the receiving direction of maximum RF can be controlled by
adjusting the parameters , , , and .

To explain this suggestion more clearly, we begin by
examining the case where the element pattern is isotropic
and then the case that the typical pattern of the half-resonant
microstrip antenna is adapted as the element pattern.

B. Isotropic Element Pattern

Here it is assumed that the element pattern is isotropic;
that is, is independent of and in (13) and (14).
The maximum value of in (13) can be derived from the
condition that . Therefore, the RF incident angle to
maximize , is obtained as

(15)

Similarly, the maximum value of in (14) can be derived
from the condition that . In this case, is
obtained as

(16)

Fig. 3 is a plot of (15) and (16) as a parameter of the
frequency ratio . The vertical axes on the left and
right correspond to and , respectively.
Fig. 3 shows that and can be uniquely
determined for any value of if is fixed. If is
fixed, and can be uniquely determined
according to , except when . Typical values of

and are listed in the left-hand column of
Table I. Thus, the direction of the beam can be controlled by
changing the LO incident angle and/or the frequency ratio

. In practice, is changed but is not.

TABLE I
�R; dcjmax AND �R;ucjmax FROM (11)–(14)

(a)

(b)

Fig. 4. IF output pattern (fL=fR = 0:9). (a) Down conversion. (b) Up
conversion.

C. Patch-Element Pattern

In (13) and (14), the RF and LO element patterns of theth
element, and , are assumed to be identical, i.e.,

and for . The
model used for calculations is composed of a four-element
quasi-optical antenna mixer system ( ) that has square
patches as receiving antennas. The elements are assumed to
be linearly arranged with their -plane. We use the typical
pattern of a half-resonant squared patch as the element pattern

, [8]. The combined IF outputs are calculated as a
function of when the frequency ratio and the LO incident
angle are fixed. In the following, and are defined
as the RF incident angles corresponding to the components of
down and up conversion, respectively. In the following figures,

and are normalized by their own maximum value.
1) The Case Where the Frequency Ratio is Fixed:The

frequency ratio is fixed at . Equations (13) and
(14), which include the effect of the element pattern, are
calculated when the LO incident angle is set at 10, 50 ,
and 90. Fig. 4(a) shows the IF output pattern of the down
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(a)

(b)

Fig. 5. IF output pattern (�L = 45
�). (a) IF output of down conversion.

(b) IF output of up conversion.

conversion as a function of the RF incident angle and Fig. 4(b)
shows its counterpart of up conversion. The IF output pattern is
the IF output as a function of the RF incident angle. As the LO
incident angle changes, the RF incident angle to maximize
the conversion results also changes. This implies the possibility
of beam scanning by . and in Fig. 4(a)
and (b) are listed in the right-hand column of Table I. It is
obvious that changing the LO incident angle enables the RF
incident angle to be scanned.

From Fig. 4 and Table I, it can be seen that the IF outputs
including the element pattern become smaller as the LO inci-
dent angle approaches the-axis. The reason why
and shift to the -axis ( ) when is close
to 0 or 180 is due to the -plane pattern of the patch.

2) The Case Where the LO Incident Angle is Fixed:
Similarly, changing the LO frequency also enables
and to be scanned when the LO incident angle is
fixed, except when . Fig. 5 shows the IF output
pattern at as the LO frequency is changed. For LO
frequency ranging from 2.5 to 3.5 GHz, is scanned
from 58 to 46, and is scanned from 122 to 134.
Both ranges of scanned angle are 12.

These above results lead to the conclusion that our novel
system can control the RF arrival direction by changing the
LO incident angle and/or the LO frequency without high-
frequency circuits such as phase shifter.

Fig. 6. Configuration of quasi-optical antenna mixer element.

III. EXPERIMENT

The results presented in the previous section are experi-
mentally verified in this section. First, a quasi-optical antenna
mixer element, which has a novel construction, is described.
Second, our experimental environment is explained. The ex-
periment is performed in the microwave band. Finally, the
experimental results of scanning are presented.

A. Quasi-Optical Antenna Mixer Element

To realize a quasi-optical antenna mixer such as that shown
in Fig. 1(b), the RF and LO signals must be received near
the mixer. A wide-band antenna that can receive both RF
and LO signals has generally been used in a quasi-optical
antenna mixer. In this case, there are spatial limitations on the
system design because the RF and LO waves must be incident
from one side of the substrate. It is possible, for example,
that irradiation of the LO wave interferes with the RF incident
wave.

Therefore, we propose a novel design to overcome the above
limitations. Fig. 6 shows the configuration of our quasi-optical
antenna mixer element, and the parameters of the model are
listed in Table II. The RF receiving patch is operated at the
frequency of 3.0 GHz. On the other face, the LO
receiving patches are stacked to operate at two frequencies:

GHz and GHz. Therefore, the frequency
of down conversion is 0.3 GHz because RF is 3.0 GHz.
The reason why the LO frequencies are determined above is
that the IF circuit does not need to be designed for a wide
band. If a wide-band design is adopted for an LO receiving
patch, sweeping the LO frequency would, in principle, enable
continuous scanning of the beam.

The coplanar waveguide on a ground plane between dielec-
tric substrates is designed to be 50and the end is opened as
shown in Fig. 6. Three patches are “offset” along the-axis.
The value of “offset” is defined as the distance between the end
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TABLE II
PARAMETERS OF THE EXPERIMENTAL MODEL

Fig. 7. Block diagram of four-element quasi-optical antenna mixer system.

of the coplanar waveguide and the center of the patch along
the -axis and these values are listed in Table II. The offset
makes the patches and the coplanar waveguide match because
each patch is electromagnetically coupled with the open end
of the coplanar waveguide.

B. Four-Element Array and Experimental Environment

Fig. 7 shows a block diagram of a four-element quasi-
optical antenna mixer system. The elements are linearly ar-
ranged along the-axis at 5-cm intervals (a half wavelength of
the RF). A Schottky-barrier diode (SANYO Electric Co. Ltd.;
SBL-121) is mounted in the gap of the coplanar waveguide’s
end as a mixer diode, as shown in Fig. 6. The IF outputs

(a)

(b)

Fig. 8. Comparison between measured and calculated IF output patterns. (a)
fL1 = 2:7 GHz. (b) fL2 = 3:3 GHz.

from each diode are stably performed by bias current because
the bias block has a constant current circuit using an field
effect transistor (FET). In addition, the entire IF outputs are
combined by a Wilkinson power combiner. In the experiment,
RF, LO, and other outputs are observed with the IF outputs
using a spectrum analyzer, because no filter is used.

Measurements are carried out in an anechoic chamber. Two
standard horn antennas are placed in front of and at the rear of
the antenna mixer array to irradiate the RF and the LO signals
in the space. The distances between the array and two horn
antennas are 4.65 m for the RF and 0.3 m for the LO.

The conversion gain of a single element is about10 dB
[9]. Details of the mixing properties and the experimental
environment of a single element are reported in [9].

C. Experimental Results

In order to obtain the following calculated data, the ele-
ment pattern is evaluated using an electromagnetic simulator.
Although only the down conversion is discussed here, the up
conversion is analogous in beam scanning.

Fig. 8 shows a comparison between measured and calcu-
lated IF output patterns at . Fig. 8(a) and (b)
is derived by setting the LO frequency at GHz
and GHz, respectively. The solid line denotes the
measured pattern and the broken line denotes the calculated
pattern from (13). The measured pattern agrees with the
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Fig. 9. Beam scanning by changing the LO incident angle through the
measurement.

Fig. 10. Beam scanning by changing the LO frequency through the mea-
surement.

calculated pattern in terms of the direction of the mainbeam
and the beamwidth, although behavior of each element in
combination with its neighbors and finite substrate is ignored.
However, there are some errors in the sidelobe level because
the characteristics of the elements may not be uniform. The
nonuniformity is due to the manufacturing process.

Fig. 9 shows the experimental behavior of the beam scan-
ning by changing the LO incident angle. It compares output
patterns of (dot-dashed line) and (solid
line) at GHz. In this case, the steering range of

is from 90 to 116 . Moreover, in the case of
similar measurement at GHz, the steering range
of is from 90 to 108 .

Fig. 10 shows the experimental behavior of the beam scan-
ning by changing the LO frequency. It is a comparison of
output patterns at GHz (solid line) and
GHz (broken line) when . In this case,
ranges from 108 to 116.

Fig. 11 shows versus for the LO frequencies
of GHz and GHz. In the figure, the solid
and broken lines are the calculated values at GHz
and GHz from (13), respectively. The circular and
triangular symbols indicate the measured values at and

, respectively. This figure shows the possibility of beam
scanning by changing the LO incident angle and/or the LO
frequency.

IV. CONCLUSION

The results of this study lead us to make the following
conclusions about the characteristics of beam scanning of our
novel array system.

Fig. 11. The RF incident angle as a function of the LO incident angle and
frequency.

• The scan angle varies almost linearly according to the LO
frequency when the LO incident angle is fixed, except
when .

• The scan angle varies almost linearly according to the LO
incident direction when the LO frequency is fixed.

• The larger the frequency ratio is or the closer to the-
axis the LO incident angle is, the larger the range of the
scan angle.

In conclusion, a novel beam-scanning technique is proposed
by using the quasi-optical antenna mixer array and its principle
of operation is explained. To realize the technique, a new
quasi-optical antenna mixer, in which coplanar waveguide
feed and RF/LO separating inputs are on both sides of the
substrate, was developed. In addition, a four-element quasi-
optical antenna mixer array was constructed, and tested in
the microwave band. The experimental results agree with the
theoretical ones, thus verifying that the arrival direction of the
RF signal can be controlled by this array without RF circuits
such as phase shifters.
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