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Abstract—In this work, reﬂectarray antennas are proposed for their use as probes in compact antenna
test ranges. For that purpose, the quiet zone generated by a single oﬀset reﬂectarray is enhanced,
overcoming the limitation imposed by the amplitude taper of the feed antenna. First, the near ﬁeld
is characterized by a radiation model which computes the near ﬁeld of the reﬂectarray as far ﬁeld
contributions of each element, which are modeled as small rectangular apertures and thus taking into
account the active element pattern. Then, a phase only synthesis is performed with the LevenbergMarquardt algorithm in order to improve the size of the generated quiet zone. Due to the nature of
the application, this near ﬁeld synthesis takes into account both the amplitude and phase, making it a
more challenging task than an amplitude-only synthesis. The optimization is focused on ﬂattening the
amplitude while trying to preserve the phase front generated by the reﬂectarray.

1. INTRODUCTION
Reﬂectarray antennas are most commonly used in far ﬁeld applications [1], such as Direct
Broadcast Satellite (DBS) [2–5], Local Multipoint Distribution Service (LMDS) [6–8] or radar
interferometers [9, 10]; while near ﬁeld applications are less conventional. Nevertheless, in recent
years reﬂectarrays have been proposed in near ﬁeld for Radio-Frequency IDentiﬁcation (RFID) reader
applications [11], imaging [12] or microwave virus sanitizer [13]. One near ﬁeld application which remains
uncharted by reﬂectarrays is Compact Antenna Test Ranges (CATR) [14], which employ one or more
parabolic reﬂectors to simulate open range conditions in a closed environment, so the far ﬁeld of the
antenna under test can be directly measured. This is done thanks to the properties of the parabolic
reﬂector, which collimates the ﬁeld coming from the focus where the feed is placed, generating a volume
in front of the antenna known as quiet zone, which complies with certain requirements both in amplitude
and phase, with a maximum allowable ripple (typically 10◦ in phase and 1 dB in amplitude) [14].
However, CATR systems based on parabolic reﬂectors have some drawbacks, such that the parabolic
reﬂectors are bulky and expensive to fabricate, especially at high frequencies where the required surface
error must be very low [14, 15]. In this regard, printed planar reﬂectarrays may be a potential candidate
for CATR systems in high frequency bands, since they are based on the microstrip technology and thus
are low proﬁle, are easy and low cost to manufacture, while keeping good agreement with simulations [1].
Furthermore, this kind of antenna has been demonstrated at 94 GHz [16], with manufacturing errors
in the printed elements which are lower than ±1 µm, and should allow to manufacture reﬂectarrays in
the frequency range from 100 GHz to 200 GHz maintaining good accordance between measurements and
simulations, provided a good electromagnetic model.
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A parametric study of the quiet zone generated by conventional reﬂectarray antennas was carried
out in [17], where the critical parameters that limit the size of the quiet zone were identiﬁed. Later,
in [18] a technique for the optimization of the near ﬁeld amplitude was presented. The goal was to
ﬂatten the amplitude in several near ﬁeld planes for applications such as RFID tag identiﬁcation or
femto cell coverage for cellular systems. Limited results were obtained in [19] in the synthesis of the
complex near ﬁeld.
In this work, reﬂectarray antennas are proposed as potential candidates as probes for CATR
systems. First, a model for the computation of the reﬂectarray near ﬁeld, which takes into account
the active element pattern, is proposed and validated through the use of commercial software GRASP.
The model computes the near ﬁeld as contribution of far ﬁelds from all the reﬂectarray elements. This
model is then employed in a near ﬁeld Phase-Only Synthesis (POS) to improve the quiet zone generated
by the reﬂectarray antenna. The chosen algorithm is the Levenberg-Marquardt (LMA), which has
been eﬀectively used in array synthesis with success [20–27], and it takes into account both amplitude
and phase of the near ﬁeld, since CATR requirements impose a maximum allowable ripple in both,
making it a more challenging task than an amplitude-only synthesis. The optimization is performed
in several near ﬁeld planes, ﬂattening the amplitude and phase, greatly improving the size of the quiet
zone. In contrast to previous works in the literature [19], the synthesis is improved by considering a
circular coverage zone which adapts better to the taper imposed by the feed, as well as limiting the
amplitude of the near ﬁeld outside the coverage zone, avoiding losing power to regions outside the area
of interest. Finally, the proposed framework for general near ﬁeld optimization may be employed for
other applications, such as near ﬁeld (multi-)focusing, by providing the desired speciﬁcations via an
appropriate template and setting the near ﬁeld phase cost function to zero. Furthermore, it can also be
extended to far ﬁeld applications by substituting the near ﬁeld model by a far ﬁeld one.
2. REFLECTARRAY NEAR FIELD MODEL
2.1. Reflectarray Near Field
Reﬂectarray antennas are able to collimate the ﬁeld wave coming from the feed at any given direction
by properly choosing the phase-shift introduced by its elements [1]. This way, a planar phase front can
be generated in front of the antenna. However, the size of the quiet zone will be limited in amplitude
due to the strong taper imposed by the feed. This fact was checked by near-ﬁeld measurements of a
prototype [28] in a planar range [29]. The measured reﬂectarray is squared, formed by 1080 elements in a
regular grid of 36×30, with periodicity 5 mm×6 mm and was designed to radiate a pencil beam. The feed
is a K-band standard pyramidal horn from Narda working at 20 GHz and placed at (−85, 0, 180) mm in
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Figure 1. Near ﬁeld measurements at 20 GHz on a plane 26.67λ away from the reﬂectarray center.
(a) Amplitude (dB). (b) Phase (degrees).

Progress In Electromagnetics Research, Vol. 160, 2017

11

the reﬂectarray coordinate system. The unit cell is comprised of two layers of stacked patches, employing
a commercial substrate CuClad 233LX with εr = 2.33, tan δ = 0.0012 and thickness 0.787 mm. Both
layers are bonded with a bonding ﬁlm with εr = 2.32, tan δ = 0.0012 and thickness 0.037 mm.
Figure 1 shows the measurement in amplitude and phase at a plane 26.67λ away from the
reﬂectarray center. The values of the X and Y axis correspond to the placement of the antenna in
the measurement setup coordinate system [29]. The shape of the amplitude is due to the illumination
taper of the feed in the surface of the reﬂectarray. The phase measurement clearly shows the phase front
with the shape of the antenna aperture. In both images, some interferences can be seen for lower values
of X which are produced by the supporting structure and horn. As reference, the most restrictive main
cuts have a quiet zone size of 3.3λ × 2.9λ and 6.0λ × 5.3λ in amplitude and phase, respectively. From
these results, it is clear that in order to employ a reﬂectarray antenna as a probe for CATR applications,
a near ﬁeld synthesis must be performed in order to increase the size of the quiet zone in amplitude,
while maintaining the phase front.
2.2. Near Field Model
In order to compute the near ﬁeld of the single-oﬀset reﬂectarray antenna depicted in Figure 2, we
propose a model in which the unit radiation element is the unit cell of the antenna, considering it a
small rectangular aperture (instead of a punctual, isotropic source) in which the ﬁeld is constant. Then,
the near ﬁeld of the reﬂectarray at each point in space will be computed as contribution of the far ﬁeld
radiated by all the elements of the reﬂectarray.
The far ﬁeld radiated by each cell is computed using the Second Principle of Equivalence considering
the tangential ﬁeld constant. In spherical coordinates it takes the form

jk −jkr  X/Y
X/Y
X/Y
e
=
Px,mn cos ϕ + Py,mn sin ϕ ,
Eθ
2πr
(1)


jk −jkr
X/Y
X/Y
e
cos θ Px,mn
sin ϕ − Py,mn
cos ϕ ,
EϕX/Y = −
2πr
X/Y

X/Y

where Px,mn and Py,mn are the spectrum functions for each (m, n) reﬂectarray element. For the unit cell,
X/Y
considering Eref,mn its constant tangential ﬁeld for either component x or y and (a, b) the periodicity,
they take the form




k0 vb
k0 ua
X/Y
X/Y
sinc
,
(2)
Pmn = Eref,mn ab sinc
2
2
where u = sin θ cos ϕ and v = sin θ sin ϕ are the usual spherical coordinates. Eq. (2) is the Fourier
transform of the tangential ﬁeld on the reﬂectarray element and accounts for the active element pattern.
Since the near ﬁeld is calculated as contributions of far ﬁelds, it will be valid when it is obtained
at least at far ﬁeld distance of the reﬂectarray element, which is 2λ for a periodicity of 0.5λ [30]; and it
is also in the Fresnel region of the whole reﬂectarray. In addition, the distance at which the near ﬁeld
is computed must be z > zf to avoid direct radiation from the feed (see Figure 2). In general, this last
imposition would suﬃce since it usually includes the other two.
By using Eq. (1), the far ﬁeld radiated by the reﬂectarray element is obtained in spherical
coordinates in the Reﬂectarray Coordinate System (RaCS), deﬁned by the unit vectors (x̂r , ŷr , ẑr ),
see Figure 2. However, we are interested in obtaining the near ﬁeld in Cartesian coordinates referred
to the Global Coordinate System (GCS), (x̂, ŷ, ẑ). In particular, for the quiet zone characterization,
the near ﬁeld is computed in planes perpendicular to ẑa , which is parallel to ẑ, and corresponds to the
collimating direction. In order to accomplish this task, the following steps should be followed:
(i) Perform a change of coordinates of the grid point from the GCS to the RaCS applying a rotation
of θ0 around ŷr axis (see Figure 2) using the matrix:
 
   
cos θ0 0 sin θ0
x
x
y
0
1
0
y ,
=
(3)
z
− sin θ0 0 cos θ0
z
where (x, y, z) are the grid point coordinates in the GCS and (x , y  , z  ) in the RaCS.
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Figure 2. Diagram of reﬂectarray geometry with planes perpendicular to the collimating direction
where the near ﬁeld will be computed.
(ii) After computing the far ﬁeld radiated by the element at a point in the RaCS using (1), perform a
change of coordinates from spherical to Cartesian.
(iii) Add contributions from all reﬂectarray elements, computing them following steps (i) and (ii).
(iv) Perform a change of coordinates from the RaCS to the GCS using the transpose matrix employed
in step (i).
This way, the near ﬁeld is computed in one point in space. Steps (i)–(iv) are repeated to compute
the near ﬁeld in all desired points, in general in a volume. Finally, computations can be easily sped up
parallelizing the process by dividing all the points among all available CPU units. This is possible since
the computation of the near ﬁeld at one point in space is independent from the rest.
3. NEAR FIELD SYNTHESIS
3.1. Algorithm for Quiet Zone Optimization
The chosen algorithm for the optimization of the quiet zone is the Levenberg-Marquardt Algorithm
(LMA). In particular, the eﬃcient and scalable implementation presented in [27] is used here but
adapted to the near ﬁeld employing the model presented in the previous section. To adapt the LMA to
perform the optimization of the quiet zone, the new cost function has to reﬂect that now the near ﬁeld
is synthesized in both amplitude and phase. Thus, the cost function for general near ﬁeld synthesis is
 T

Nz
T 
2

  X/Y 2 
X/Y
X/Y
=
Fi,t,amp +
Fi,t,pha
,
(4)
F
i=1

t=1

t=1

where F is the total error, X/Y the polarization of the ﬁeld which is currently optimized, Nz the number
of near ﬁeld planes, T the number of points in which each near ﬁeld plane is discretized, and Fi,t the
residual, deﬁned for the near ﬁeld amplitude or phase as



2
2
X/Y
X/Y
X/Y
2
2
= W (rt ) TU (ri,t ) − Fx/y (ri,t )
TL (ri,t ) − Fx/y (ri,t )
Fi,t
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+ TU2 (ri,t ) − Fx/y (ri,t )

2

X/Y

· TL2 (ri,t ) − Fx/y (ri,t )

2

,

(5)

where ri,t = (x, y)i,t is a point in a near ﬁeld plane i; W is a weighting function; TL and TU are the
X/Y
lower and upper speciﬁcation templates, respectively; and Fx/y can be either the amplitude or phase
residual, for either polarization depending on the superscript and either ﬁeld component referred to
the RaCS depending on the subscript. Note that Eq. (5) employs the squared absolute value of the
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amplitude and phase, which may cause that the ﬁeld would not be distinguishable from its complex
conjugate. In order to solve this ambiguity, the phase should be set in the range [0, 2π] for the residual,
so the error produced by the conjugated ﬁeld is not the same as the required ﬁeld (which would be the
case when setting the phase in the range [−π, π]). Also, since a POS is performed, only FxX or FyY are
considered, which correspond to the desired component for a given polarization.
3.2. Antenna Specifications and Starting Point
The considered reﬂectarray is the same as the one speciﬁed in a previous section working at 20 GHz.
For the near ﬁeld synthesis, the feed horn is modeled with a cosq θ function, with q = 8.2 which imposes
an illumination taper of −7.4 dB at the reﬂectarray edges, although the real incident ﬁeld could be
used since the algorithm is independent of the feed model. The total size of the reﬂectarray surface is
180 × 180 mm2 , with a projected aperture Dx = 180 mm · cos θ0 = 169 mm = 11.27λ in the x̂ axis and
Dy = 180 mm = 12λ in the ŷ axis.
As starting point for the optimization, the reﬂectarray collimates the ﬁeld in the ẑ direction with a
radiation angle θ0 = 20◦ (see Figure 2). The size of the quiet zone will be strongly limited in amplitude
due to the illumination taper imposed by the feed. Hence, to facilitate convergence of the algorithm,
the amplitude template will be set for a ripple of 1.25 dB and the phase template for a ripple of 10◦ ,
both in a grid deﬁned in a circle of radius 45 mm (3λ). The optimization will be carried out in two
diﬀerent planes, placed at 20λ and 26.67λ from the reﬂectarray center. Also, it will be only carried out
for X polarization and the weighting function is set to W = 1.
3.3. Results
Figure 3 shows the main cut in x and z = 20λ where the amplitude has maximum value in amplitude
and phase comparing the initial and optimized near ﬁeld. As it can be seen, the amplitude is eﬀectively
ﬂattened and now it complies with the speciﬁcations in the cut, while the phase ripple is reduced.
Moreover, the upper speciﬁcation template TU controls the maximum level of the near ﬁeld outside the
region of interest, which otherwise could yield relative values greater than those obtained in the coverage
zone. In addition, the model previously presented is compared with simulations of the commercially
available software GRASP obtaining good agreement and validating the model. The near ﬁeld synthesis
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Figure 3. Main cut in x and z = 20λ where the amplitude has maximum value in (a) amplitude and
(b) phase comparing the starting and optimized near ﬁeld computed with the presented model and
commercial software GRASP.
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Figure 4. Color maps for (a), (c) amplitudes and (b), (d) phases for the plane z = 20λ, showing the
(a), (b) initial and (c), (d) optimized ﬁeld. The color maps represent how many dB (◦ ) the amplitude
(phase) value is to the closest template, and is white when the ﬁeld complies. Red line shows the area
where the ripple was imposed (1 dB or 10◦ ), as reference.
was carried out with the near ﬁeld model previously presented and GRASP is only used in analysis to
validate it.
Although the reﬂectarray was optimized at two diﬀerent near ﬁeld planes (z = 20λ, 26.67λ), the
near ﬁeld was simulated in three extra planes between them to analyze the generated quiet zone in a
volume. Those planes are z = 21.67λ, 23.33λ, 25λ. Figure 4 shows the results for the worse cases in
amplitude and phase. The color map represents, for each point, how many dB (◦ ) the amplitude (phase)
value is to the closest template point, and is white if the ﬁeld lies within bounds. For the amplitude,
although the synthesis was carried out with an allowable ripple of 1.25 dB, the results shown in Figure 4
were generated using a template with an amplitude ripple of just 1 dB. Due to the strong taper imposed
by the feed, the initial planes do not comply in many points, but after the optimization the improvement
is patent.
Table 1 shows the compliance in per cent for the ﬁve planes in amplitude and phase for diﬀerent
ripples for the initial and optimized ﬁelds. As it can be seen, after the optimization, the near ﬁeld
surface which complies with the requirements is substantially increased. The worse case corresponds to
the plane z = 20λ with a ripple of 1 dB, complying only the 72.7% of the surface and shown in Figure 4.
However, even in that case, the error is quite low, since the mean error for all the points which do not
comply is of only 0.1 dB. For the rest of the planes, the phase complies in the entire coverage zone even
for a ripple of 8◦ , while the amplitude complies in more than 90% of the surface with a ripple of 1 dB
or better.
Finally, simulations were carried out in an Intel Core i3-2100, where GRASP took 15 seconds to
simulate each near ﬁeld plane.
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Table 1. Compliance for diﬀerent planes for amplitude and phase. Data shows percentage of surface
where the ripple was allowed.

z(λ)
20
21.67
23.33
25
26.67

Amplitude
1.25 dB
1 dB
Ini. Opt. Ini. Opt.
27.7 100 22.1 72.7
30.0 99.6 26.1 96.4
36.4 98.8 30.0 92.9
48.2 99.6 40.7 94.5
56.1 100 48.6 98.4

Phase
10◦
Ini.
73.9
67.6
37.9
29.6
22.5

Opt.
98.8
100
100
100
100

8◦
Ini.
62.8
56.5
32.4
22.1
18.6

Opt.
93.7
100
100
100
100

3.4. Other Applications
Due to the generality of the proposed framework for general near ﬁeld optimization, in which the
speciﬁcations are given in form of maximum and minimum templates, and in which both the amplitude
and phase of the near ﬁeld are taken into account, the proposed technique may be used for other near
ﬁeld applications, such as RFID [11], imaging [12], microwave virus sanitizer [13] or multi-focusing [20],
by adapting the cost function (for instance, setting the phase cost to zero if the near ﬁeld phase does
not play a role) and providing suitable templates.
Furthermore, the LMA employed in this work may be easily adapted to far ﬁeld applications,
by employing an array far ﬁeld model instead of a near ﬁeld one. This way, by giving the far ﬁeld
speciﬁcations by means of templates and a suitable starting point for the optimization, far ﬁeld synthesis
may be carried out, for applications such as monopulse radar [31], where both sum and diﬀerence
patterns are needed; wireless communications [6] with LMDS speciﬁcations, having a squared cosecant
pattern in elevation and sectorial in azimuth; etc. Again, a suitable starting point is important to obtain
good results since the LMA is a local optimizer. For instance, in [6] the starting point is obtained using
an analytical technique [32], which produces a radiation pattern which is close to meet the requirements,
and then it is reﬁned using an optimization algorithm. For monopulse radar, in [31] a power pattern
synthesis with centrosymmetric layout constraints is employed using a linear programming approach,
guaranteeing optimal solution. Then, the LMA could be used to further reﬁne the results without layout
constraints, which provides more degrees of freedom.
4. CONCLUSION
A reﬂectarray model for the computation of its near ﬁeld has been presented with the aim of
characterizing and improving the quiet zone generated by the antenna. The model computes the near
ﬁeld of the whole antenna as the far ﬁeld contribution of all elements of the reﬂectarray considering them
small rectangular apertures and thus taking into account the active element pattern. The reﬂectarray
near ﬁeld model was then used to perform a synthesis of the complex near ﬁeld, considering both
amplitude and phase, to employ the reﬂectarray as a probe for Compact Antenna Test Range (CATR)
applications. The goal is to optimize the quiet zone generated by the reﬂectarray, imposing certain
constraints in the amplitude and phase ripple, while also controlling the near ﬁeld outside the area of
interest. Due to the strong amplitude illumination taper imposed by the feed, the size of the quiet zone
is strongly limited. Two near ﬁeld planes were considered in the synthesis. After the optimization, the
size of the quiet zone was greatly improved. Three more intermediate near ﬁeld planes were simulated
before and after the optimization and the quiet zone improvement in all of them was patent. In fact,
even for the worse case (amplitude with an allowed ripple of 1 dB), the mean error in the points which do
not comply is only 0.1 dB. These results demonstrate that reﬂectarrays could be a potential substitute
for parabolic reﬂectors in CATR applications, specially at high frequencies above 100 GHz and up to
200 GHz, given the current precision in the manufacturing process.
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