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Abstract – This study investigates the application of Rot-
man lens antennas in the near field. The design equa-
tions of these antennas have been derived in the near
field and demonstrated to be highly effective. By con-
sidering specific examples, the shapes of the inner sur-
faces of these lens antennas have been analyzed and
discussed, revealing how practically realizable lens sur-
faces can be designed. As these Rotman lenses are per-
fect at only three points in the near field, they exhibit
phase errors at other points along a line connecting the
three near-field focal points, resulting in deterioration
of the near-field patterns. It has been shown that by
selecting the lens parameters appropriately, these phase
errors can be kept to a minimum, causing only mini-
mal beam deterioration. Compared to far-field-focused
Rotman lens antennas, near-field-focused Rotman lens
antennas achieve significantly higher power levels, hav-
ing 3.8 to 6.3 dB improvement for different beams of a
17-element array. The study has demonstrated the poten-
tial of Rotman lenses as multiple beamforming antennas
for near-field applications.

Index Terms – Beamforming, near-field-focusing, Rot-
man lenses.

I. INTRODUCTION
Near-field-focused antennas have been extensively

used for applications requiring high concentrations of
electromagnetic fields in the nearby regions of the anten-
nas [1–9] some applications such as radio frequency
identification (RFID) [10–12] and industrial inspection
systems [13]. In the case of hyperthermia applications
[4, 14–16], concentrating the power on the unhealthy tis-
sues avoids heating and damaging healthy tissues.

On the other hand, only a limited region can be cov-
ered with a single focused beam. To increase the cover-
age area the focused beam should be scanned or multi-
beam antenna techniques should be used. Although beam
scanning and multiple beamforming is well known and
widely published for far-field-focused beams [17–25],
there has been a limited number of publications for
near-field-focused beams. In [22] the near-field-focused

beam is scanned by changing the frequency by introduc-
ing progressively increasing multiple additional trans-
mission lines into the system. In [26] the authors com-
pare an electronic scanning antenna using phase shifters
and power dividers, with multiple beamforming anten-
nas using Butler matrix and Rotman lens for near-
field-focused fields. Butler matrixes are well established
beam forming networks using phase shifters and power
dividers [27], feeding linear array antennas. Rotman lens
beamforming antennas are two dimensional multi-focal
constrained lens antennas using a parallel plate region,
with several input and output ports, and different lengths
of transmission lines.

In this paper we establish the design equations of
the Rotman lens beamforming antenna when focusing
at three points in the near field instead of three far-field
directions. The shape and feasibility of the lens curves
have been investigated for different lens parameters. The
near-field performance of the near-field-focused lens has
been studied for different parameters and compared with
the far-field-focused lens.

II. LENS DESIGN
The mathematical model of the near-field-focused

Rotman lens is given in Fig. 1. The two-dimensional
coordinate system (x,y) centered at O1 and the coordi-
nate system (X ,Y ) centered at O2 are independent of
each other. The feed array curve and the inner array curve
are represented by the coordinate system centered at O1
and the radiating array and the target points are repre-
sented by the coordinate system centered at O2. In this
study, all lengths are expressed in terms of wavelengths
to have frequency independent equations.

The Rotman lens is a two-dimensional lens charac-
terized by constrained paths, or transmission lines, con-
necting its two surfaces. These surfaces are represented
by two curves - the inner lens curve and the outer lens
curve - which forms the radiating array. In this study,
a linear radiating array is employed, but curved arrays
can also be utilized. The Rotman lens’s focal points are
located at F1, F0, and F2 along the feed array curve,
where all feed antenna elements are situated. Points B1,

Submitted On: December 15, 2023
Accepted On: August 27, 2024

https://doi.org/10.13052/2024.ACES.J.390601
1054-4887 © ACES

https://doi.org/10.13052/2024.ACES.J.390601


471 ACES JOURNAL, Vol. 39, No. 06, June 2024

Fig. 1. Geometry of near-field-focused Rotman lens.

B0, and B2 in the radiating array’s near field represent the
locations where the antenna elements at the three lens
focal points focus their fields. Element F1 focuses at B2,
element F0 focuses at B0, and element F2 focuses at B1.
G is the distance from O1 to the central focal point at F0.

A general point on the lens’s inner curve is denoted
by P(x,y), and its corresponding point on the radiating
array is represented by Q(X ,Y ). An antenna element at P
receives the field from the feed array elements and relays
it to the corresponding element Q at the radiating array
via a transmission line of length w .

For a field launched at focal point F1 to focus at B2:

( ⇀
F1P

)
+w+

( ⇀
QB2

)
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)
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For a field launched at focal point F2 to focus at B1:
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For a field launched at focal point F0 to focus at B0 :
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where w0 is the transmission line length for the center
element.
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where x1 = x2 = − f cosα0 , y1 = f cosα0 , y2 =
− f cosα0 . Here, f is the distance from O1 to the off-
center focal point at F1, and α0 is the angle subtended by
off axis lens focal points from O1.

Equations 1, 2, and 3 are solved simultaneously to
determine the variables x, y, and w for each position of
Q on the radiating array. The Q positions correspond to
the locations of the radiating array antenna elements. The
values of x and y define the inner lens curve of the lens,
and each point on the inner curve is associated with a
corresponding value of w.
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In practice the region between feed array and inner
lens is a parallel plate region and a TEM wave prop-
agates in this region. The Rotman lenses are usually
implemented on microstrip substrates for low power
applications and air-filled parallel conducting plates for
high power applications. The varying length transmis-
sion lines between the inner lens curve elements and
radiating elements are usually microstrip lines for the
microstrip implementation and co-axial transmission
lines for the conducting plate implementation. Usually
small V- shaped or stepped transitions [28] are used
between the transmission lines and parallel plate region.
The transitions act as two-dimensional aperture antennas
into the parallel plate region. The field at the target point
is obtained by summing the fields of each element at this
point.

III. SHAPE OF THE INNER LENS CURVES
The lens design principles outlined above utilize

optical principles to generate inner lens curves. Not all
inner lens curves obtained in this manner are suitable for
practical applications. Given that Rotman lenses operate
at microwave frequencies, the shape of the inner lens
curves must facilitate efficient power transfer between
antenna elements on the feed array curve and those on
the inner lens curve. Sample inner lens curves are pre-
sented in this section to illustrate the significance of their
shapes.

The positions of the lens focal points F1, F2, and F0,
the focusing points in the near field B1, B2, and B0, and
the length of the radiating array are parameters selected
in advance according to the specific application require-
ments. The parameters for this lens shape study are as
follows: the lens focal points are located at F1(x1, y1),
F2(x2, y2), and F0(−G,0). F1 and F2 subtend an angle of
25◦ (α0) degrees from the origin O1. The linear radiating
array comprises 17 elements with a separation (d) of 0.5
between them.

The three focusing points in the near field are
positioned on a line perpendicular to the X−axis and
passing through B0(q,0). The near-field-focusing points
are located at B1(q,Y1), B0 (q,0) , and B2(q,Y2), where
q= 10 and Y1=−Y2=q ∗ tan(βo). The angle of the off-
axis near-field-focusing point is defined as βo. Here,
β0 is chosen to be 35◦. All lens parameters were
selected such that the lens is symmetric around the
x-axis.

Examples of the inner lens curves, obtained through
numerical solutions to equations 1, 2, and 3, have
been generated for different values of g, where g=G/ f .
Table 1 shows the G, g, and f values used to obtain the
inner lens curves. Figure 2 depicts the shapes of the inner
curves for g = 1.0, 1.05, 1.10, 1.15, 1.20, 1.25, 1.30, and
1.35 respectively.

The shape of the inner lens curve significantly
impacts the illumination of antenna elements and the
overall effectiveness of the lens antenna. As shown in
Fig. 2 (g=1.35), the inner lens curve bends backward at
both the upper and lower end points. This positioning
blocks any antenna elements at these locations by those
placed before them. Consequently, the antenna elements
at the upper end of the inner curve receive very low illu-
mination from the lower end feed elements, and the ele-
ments at the lower end of the inner curve receive incom-
plete illumination from the upper end feed elements.

Table 1: Parameters of the lens design
G g f

10.5 1.00 10.5
10.5 1.05 9.52
10.5 1.10 9.09
10.5 1.15 8.69
10.5 1.20 8.33
10.5 1.25 8.00
10.5 1.30 7.69
10.5 1.35 6.66

Fig. 2. Lens curves for g=1, 1.05, . . . , 1.35.

Conversely, in Fig. 2 (g=1.0), the end elements of
the inner curve are bent forward, so the inner curve’s
lower endpoints will not be illuminated by the lower ele-
ments of the feed array curve. Similarly, the inner curve’s
upper elements will not be illuminated by the upper ele-
ments of the feed array curve.

In contrast, Fig. 2 (g=1.25) demonstrates a design
where the antenna elements on the feed array curve and
inner curve directly face each other without any block-
age. This alignment ensures efficient power transfer and
maximizes the lens antenna’s performance.
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The lens antenna shapes presented in Fig. 2 high-
light the criticality of selecting appropriate lens parame-
ters for optimal design. Factors such as the positions of
the near-field-focusing points and the spacing between
radiating array elements can significantly alter the shape
of the inner lens curve. Therefore, careful selection of
lens parameters is essential for each design to achieve
practical realization of these lens antennas.

In summary, the shape of the inner lens curve and
the selection of appropriate lens parameters are crucial
aspects in designing efficient and high-performance lens
antennas. Careful consideration of these factors can opti-
mize power transfer and minimize blockage, leading to
enhanced lens antenna performance.

Achieving the strongest possible near-field intensity
with a given amount of power requires careful planning
of the radiating array. First, the size of the array needs to
be estimated based on the target intensity and available
input power. This initial design consideration ensures
efficient use of the available energy. Next, the spacing
between elements within the array must be carefully
calculated to eliminate unwanted interference patterns
known as grating lobes. These lobes can significantly
reduce the intensity at the target point, so their elimi-
nation is crucial. Finally, a realizable lens is designed,
as discussed above, to achieve the required phase dis-
tribution for each radiating element. Since lens design
relies on principles of optics, the dimensions for the lens,
(G, f ) are typically no smaller than four to five wave-
lengths.

IV. PATH LENGTH ERROR AND
RADIATION PATTERNS OF FEED

ELEMENTS AT NON-FOCAL POSITIONS
ON THE FEED ARRAY CURVE

Since the path length from each of the lens focal
points to the corresponding focusing points in the near
field is equal for all radiating array elements, the phases
are identical at these points. This means that maximum
possible power is achieved at B1, B2, and B0 for feed
antenna elements at F2, F0, and F1, respectively. In prac-
tice, we may need to focus the field at other points in the
near field, which requires placing feed antennas at non-
focal positions on the feed array curve.

Any antenna placed at a non-focal point will concen-
trate the field at specific points but, due to phase errors
caused by path length discrepancies, there will be some
degradation in the focused field, resulting in lower gain,
a wider beam, and higher sidelobes. By carefully select-
ing the parameters of the Rotman lens, these phase errors
can be minimized.

The path length error for a point on the feed array
curve can be calculated for each radiating array element
relative to the center radiating array element using the

following formula:

Path length error (∆L) =
( ⇀

HP
)
+w+

( ⇀
QB

)
−( ⇀

HO1

)
−w0 −

( ⇀
O2B

)
. (13)

Figure 3 illustrates the path length errors for the lens
design given in Fig. 2 (g=1.25) for various values of α ,
including 0◦, 5◦, 10◦, 15◦, 20◦, and 25◦, where α rep-
resents the angle subtended by points on the feed array
curve from O1. The errors for each feed element were
determined at the maximum power point along the line
connecting B1 and B2.

As evident from Fig. 3, the phase errors for the focal
points, as anticipated, are zero for all radiating elements.
Conversely, path length errors increase as the distance of
the feed element from the focal points increases, reach-
ing a maximum path length error of 0.0512 for the feed
element located at α=15◦. The phase errors can be mini-
mized by selecting the appropriate parameters for a Rot-
man lens based on the specific design requirements.

Fig. 3. Path length errors along the radiating array for six
points on the feed array curve.

An optical method was employed first to determine
the patterns along the line connecting B1 and B2 for the
lens design (g=1.25) in Fig. 2. Figure 4 presents these
results for various feed port angles (α): 0◦ (port6), 5◦

(port7), and so on, up to 25◦ (port11). Notably, isotropic
radiating elements were assumed for this analysis. Due
to parameter selection minimizing phase errors, the pat-
terns exhibit minimal degradation.

Next, the design was implemented as a microstrip
circuit and simulated using the commercial software
CST. Figure 5 depicts the CST implementation of the
lens. The design parameters are detailed in Table 2.
The radiation patterns of the microstrip lens were then
obtained using CST, with the results presented in Fig. 6.

A comparison of Figs. 4 and 6 reveals a high degree
of similarity between the radiation patterns obtained
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Fig. 4. Radiation patterns for the lens design in Fig. 2
(g=1.25) using optical method.

Fig. 5. CST implementation of the lens design.

Table 2: Parameters of the CST lens design
Central frequency 27.5 GHz

εr 6.15
Substrate thickness 1.5 mm

Length of feed port and array port
tapered lines

18.8 mm

Radiating elements 8 mm × 8
mm

G 60.58 mm
F 48 mm
q 57.70 mm

through the optical and CST methods. However, a key
difference exists: the peak electric field strength of the

Fig. 6. Radiation patterns for the lens design in Fig. 2
(g=1.25) using CST method.

outer feed elements is lower in the CST implementa-
tion. This discrepancy arises because the optical analysis
assumed isotropic elements for both the feed array and
inner lens elements, while the actual CST implementa-
tion utilizes aperture elements with directional patterns.

V. COMPARISON OF NEAR-FIELD
PERFORMANCES OF ROTMAN LENSES
DESIGNED FOR NEAR FIELD AND FAR

FIELD
As has already been stated, achieving the highest

field intensity is essential when using electromagnetic
fields in the near field for a given input power, there-
fore a study was conducted to compare the field inten-
sities of two Rotman lens antenna types in the near field.
For this comparison, the design of Fig. 2 (g=1.25) was
utilized for the near-field-focusing Rotman lens. The far-
field-focusing Rotman lens, while maintaining the same
parameters, is focused at angles of -35◦, 0◦, and +35◦,
corresponding to the angles subtended by the near-field-
focusing points B2, B0, and B1.

To calculate total field intensity at a target point, we
first determine the phase distribution of each radiating
element using lens calculations. Then, we account for
the varying distances between the elements and the tar-
get point by incorporating a 1/r factor when summing the
individual field intensities. Although the design of the
far-field-focusing lens was carried out for far-field focal
points, for fair comparison the field intensity of this lens
is also calculated at the same near-field target points.

Figure 7 depicts the electric field intensity for both
lenses under identical input power conditions. The fields
are positioned along the line joining B1 and B2 at the
peak points of the near-field-focused Rotman lens, with
α values ranging from 0◦ to 25◦. It is clear that the power
density of the near-field-focusing lens is 3.8 to 6.3 dB
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Fig. 7. Maximum electric field intensity along X=q for
different positions of feed angle.

higher. These results indicate that the near-field-focusing
Rotman lens offers a substantial advantage over the far-
field-focusing lens in the near field.

VI. CONCLUSION
Rotman lenses have been demonstrated to be effec-

tive multiple beamforming antennas for near-field appli-
cations. The design equations for these lenses have been
derived, and the inner lens curves and transmission line
path lengths have been determined for sample design
parameters. These results provide a foundation for the
practical realization of Rotman lenses with desired per-
formance characteristics.

The study has shown that by selecting the lens
parameters appropriately, the phase errors can be min-
imized for non-focal points, resulting in only minimal
beam deterioration. This is a significant advantage for
near-field applications, as it ensures that the Rotman lens
can achieve the desired beamforming performance even
when the target is not located at the focal point.

A comparison of the power density in the near
field has been made for far-field- and near-field-focusing
Rotman lenses having the same lens parameters. The
results indicate that the power densities of the near-field-
focused lens are 3.8 to 6.3 dB higher. This is a significant
improvement and makes the near-field-focusing Rotman
lens a promising candidate for a wide range of near-field
applications.
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