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ABSTRACT We report on the first demonstration of dynamic beam steering using a scanning lens phased
array. A scanning lens phased array relies on a combination of mechanical and electrical phase shifting to
dynamically steer a high-gain beam beyond the grating-lobe free region using a sparse array. These two
concepts have been demonstrated separately in the past, here we present, for the first time, a prototype
demonstration where active mechanical and electrical phase shifting are combined. For this purpose, we
have developed a sparse 4x1 scanning lens phased array at W-band (75-110 GHz) capable of beam steering
a directive beam (>30 dBi) towards + 20° with low grating lobe levels (around -10 dB). The lens array
is fed by a waveguide-based leaky-wave feeding architecture that illuminates the lenses with high aperture
efficiency over a wide bandwidth, which is required in the proposed scanning lens phased array architecture.
The electrical phase shifting has been implemented using IQ-mixers around 15 GHz in combination with x6
multipliers to reach the W-band. The mechanical phase shifting relies on a piezo-electric motor, which is able
to achieve displacements of the lens array of 6 mm with an accuracy of a few nanometers. The entire active
array is calibrated over the air with an ad-hoc quasi-optical measurement setup. Resulting measurements

show excellent agreement with the anticipated performance.

INDEX TERMS Beam steering, lens antennas, millimeter waves, phase shifting, phased arrays.

I. INTRODUCTION
Millimeter- and submillimeter-wave scanning arrays will play
a major role in communication and sensing scenarios in future
6G networks and automotive applications [1], [2]. Antennas
for such applications should achieve very high gains (>30
dBi) and include dynamic scanning capabilities [3], [4]. Fully
sampled phased arrays at or above 100 GHz, such as [5]-[10],
are capable of wide-angle beam scanning but have low gain
due to the limited number of array elements. Increasing the
number of elements in such arrays is difficult due to thermal
and integration constraints.

To overcome these limitations, we have recently proposed
a scanning lens phased array concept in [11] that achieves a

high-gain, steerable beam using a very sparse array of only
a few electrically large lens antenna elements. The geometry
of the scanning lens phased array is indicated in Fig. 1(a).
The grating lobes resulting from the sparsity of the array are
suppressed by the directive beams from the lens elements. To
achieve this suppression, high aperture efficiency lens anten-
nas are required as the array elements [11].

Beam steering beyond the grating-lobe-free region from
this sparse lens array is achieved by mechanically displac-
ing the lens array relative to their feeds and, simultaneously,
applying a relative electronic phase shift between the array
elements. The mechanical displacement causes the element
pattern of the lenses to be steered towards the desired
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FIGURE 1. (a) Geometry of the 4x1 W-band scanning lens phased array.
The ground plane contains periodic annular corrugations. (b) Photographs
of the assembled prototype (top) including the piezo-motor and of the
corrugated ground plane (bottom).

angle, while the electronic phase shifts steer the array factor.
The steering of the element pattern enables achieving low
grating lobe levels when scanning beyond the grating-lobe-
free region, in contrast to limited scan arrays [12]-[16]. The
required mechanical displacement for such lens arrays can be
achieved by using a piezo-electric motor, as demonstrated in
[11], [17]. Static phase shifting of these kinds of arrays has
been demonstrated at 10 GHz [18] and 30 GHz in [4] by
using corporate feeding networks. In [19], the contributions
of each lens antenna at 38 GHz were measured independently
and subsequently delayed by the required phase shift in post-
processing before being summed. Thus, the combination of
mechanical displacement and active electronic phase shifting
to realize dynamic steering has not yet been demonstrated.

In this paper, we demonstrate a 4x1 W-band (75-110 GHz)
scanning lens phased array prototype using the combination
of a piezo-electric motor and an electronic phase steering
architecture based on low frequency 1Q-mixers and multipli-
ers [20]. The design, simulated performance and fabrication
of the lens array prototype is described in Section II. The
embedded lens elements are characterized in Section III. We
present the active array demonstration setup in Section IV, the
over-the-air calibration setup in Section V and the demonstra-
tion of the active array in Section VI. Conclusions are drawn
in Section VII.

II. LENS ARRAY PROTOTYPE AT W-BAND

We have designed a 4x1 lens phased array with a periodicity of
20 mm (6)9) at W-band (A being the free-space wavelength
at 90 GHz), which achieves a gain larger than 30 dBi. The
design, simulated performance and fabrication of the array
prototype are detailed in this section.

A. SINGLE LENS ANTENNA DESIGN
In order to control the level of the grating lobes, the single
lens antenna must be illuminated with high aperture efficiency
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FIGURE 2. (a) Reflection coefficient of a single lens element as simulated
(solid) and measured (dashed). Note that due to a fabrication error, a
waveguide with » = 1.66 mm was fabricated. (b) Single lens element
radiation pattern simulated (black) and measured (blue) at 90 GHz.

as explained in [11]. To achieve this high efficiency over a
wide bandwidth, we use the leaky-wave lens feed proposed in
[21] and shown in Fig. 1(a). This feed consists of a circular
waveguide with a diameter of dy,, = 3.18 mm in a ground
plane with annular corrugations, a half-wavelength air cav-
ity and a high-density polyethylene (HDPE) elliptical lens
with &, = 2.3. The air cavity with height &, = X¢/2 supports
three leaky-wave modes of which only the main TE;/TM;
modes contribute to broadside radiation [22]. The spurious
TMjp mode is suppressed over a 2:1 bandwidth by the annular
corrugations, as demonstrated in [21]. The dimensions of the
corrugations and the diameter of the circular waveguide in this
design are derived from [21] to the W-band and have a peri-
odicity of p = 0.75 mm, a width of w = 0.35 mm and a depth
of d = 1.1 mm. The lens geometry is then derived in closed
form based on the leaky-wave propagation constants using the
procedure in [23]. We evaluated the aperture efficiency of this
lens antenna using the Fourier Optics (FO) methodology in
reception [24] and found an aperture efficiency above 84%
over the entire WR-10 band, in line with the results from [21].
Note that the FO methodology considers the effect of multiple
reflections at the lens interface as a loss.

The performance of the single element was then evaluated
in terms of its reflection coefficient and radiation patterns
in the W-band. These results, along with all results pre-
sented from here onwards, are obtained by using full-wave
simulations in CST which do include the effects of multi-
ple reflections. The simulated reflection coefficient (S11) is
shown in Fig. 2(a) (black) and is below -15 dB in the entire
bandwidth. The simulated broadside radiation pattern of one
of the central embedded elements at 90 GHz is shown in
Fig. 2(b)(black). The pattern is nearly rotationally symmetric
with sidelobe levels between —17 dB to —20 dB, which is
close to the sidelobe level radiated by a uniform circular cur-
rent distribution, similar to [21]. Thus, the single element is
directive enough to achieve a good suppression of the grating
lobes in the array factor.

B. LENS ARRAY PERFORMANCE

We have designed an E-plane linear array, consisting of 4
single lens antenna elements as described in Section II-A, and
shown schematically in Fig. 1 (a). The period of the array is
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FIGURE 3. (a) Simulated array factor, single element pattern and resulting
array pattern in the E-plane. (b) Simulated array patterns in the main
planes. (c) Simulated E-plane radiation patterns for scanning from
broadside up to 20°. All patterns are presented at 90 GHz. (d) Simulated
directivity of the 4x1 array in the W-band when scanning towards 6,.. The
maximum theoretical directivity from an aperture with the array’s size is
shown for comparison. .

equal to the lens diameter (6)¢), which results in the array
factor shown in gray in Fig. 3 (a) with grating lobes appearing
approximately every 10° in the E-plane. To demonstrate the
suppression of the grating lobes, the far-field pattern radiated
by the array can be approximated by multiplying the embed-
ded element pattern of Fig. 2 (b) by the array factor. As shown
in Fig. 3 (a), the grating lobes are indeed suppressed by the
directive single element pattern (black) which results in the
array patterns (red). The approximated array pattern obtained
in this way is shown in the three main planes in Fig. 3 (b).
The resulting array pattern has a sidelobe level below -12
dB (this level can be reduced if the array is designed with
a 2D hexagonal grid [7]). Due to the one-dimensionality of
the array, the H-plane patterns are equal to the single-element
patterns with a maximum sidelobe level of —20 dB. The
simulated cross-polarization level of this array is below —40
dB.

To include all the effects of multiple reflections and the
effects of the edge elements in the array, we have performed
full-wave simulations of the complete array. The broadside

VOLUME 2, NO. 3, JULY 2022

pattern is obtained by in-phase excitation of all elements when
the lens array is centered over the elements. For scanned
beams, a combination of mechanical displacement of the lens
array relative to the feed and progressive phase shifting of
each element is applied. For example, the mechanical shift
required to scan towards 6g. = 10° is 2.4 mm and the pro-
gressive phase shift is 375°. The simulated array patterns are
shown in Fig. 3(c) at 90 GHz for several scan angles up to
20°. Due to the mechanical displacement, the illumination
efficiency of the lens decreases and the sidelobe level of the
array pattern increases. Still, the sidelobes are around -10
dB for scan angles up to 20°, which is acceptable for many
applications.

The simulated directivity of the complete array is shown as
a function of frequency in Fig. 3(d). The achieved directivity
is very close to the maximum theoretical directivity of an
antenna of such physical dimensions, A, considered to be four
times the area of a single lens. For scan angles up to 15°,
the directivity remains within 1.7 dB of the broadside value
in the entire W-band. The scan loss of the array is determined
by the scan loss of the single element [11].

C. PROTOTYPE FABRICATION

The designed linear 4x1 array has been fabricated at W-band
as shown in Fig. 1(b). The dimensions of the lenses and the
corrugations in the ground plane correspond to the simulated
dimensions in Section II-A and are indicated in Fig. 1(a). The
lens array has been milled from a block of HDPE. The annular
corrugations and waveguide array are milled in an aluminum
split block. The same fabrication process as [21] was used
with comparable fabrication tolerance. Since the design is
very wideband, the achieved tolerance does not noticeably
impact the performance of the antenna. A photograph of these
structures is shown in the inset of Fig. 1(b). The circular
waveguides in the top of the ground plane taper to WR-10
waveguide connectors in the bottom of the block.

The circular waveguide is tapered to the WR-10 rectangular
waveguide using a linear transition of 17 mm. A piezo-electric
motor is connected to the plastic lens array for accurate me-
chanical displacement of the lens array with respect to the
metal block [11], [17]. The speed of the piezo-electric motor
is 6 mm/s, resulting in a scan speed of 25 °/s in the current
prototype.

11l. EMBEDDED ELEMENT CHARACTERIZATION

In this Section, we present the measured performance of the
individual lens elements in the array in terms of Sy , radiation
patterns and mutual coupling.

The reflection coefficient of each array element, measured
with a VNA and a WR-10 frequency extender, is shown in
Fig. 2(a). Due to a fabrication error, the h-dimension (i.e., the
short side of the rectangular waveguide) in the bottom of the
split block increased from b = 1.26 mm to b = 1.66 mm. The
maximum measured S;; increases from —15 dB for nominal
dimensions to —10 dB for the fabricated dimensions. This
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result closely matches the simulated S;; with the incorrect
waveguide dimensions. Since the circular waveguide at the top
of the block has the correct dimensions, the radiation patterns
are not affected.

The far-field radiation patterns from each individual array
element were calculated from a near-field planar scan mea-
sured with a probe 2 cm above the lens. The array element and
probe were both connected to a VNA by WR-10 frequency
extenders. The measured single-element pattern from one of
the lenses is shown in Fig. 2(b) at 90 GHz. The measured
patterns are in good agreement with the simulations. How-
ever, the cross-polarization is higher at broadside which is
attributed to the limited tolerance in the fabrication of the
waveguide transition, similar to [21]. In Fig. 4(a) and 4(b), the
pattern measurements are shown in the E-plane and H-plane,
respectively, for all four individual lens elements at 90 GHz.
The measured embedded element patterns are very similar to
each other, indicating good manufacturing consistency of the
lens array.

The scanned patterns of the embedded element were mea-
sured by displacing the lens array relative to the feed with
the piezo-electric motor. The simulated and measured E-plane
radiation patterns are shown in Fig. 4(c) for scan angles up
to 05 = 20° and show good agreement. The mechanical dis-
placement of the piezo-electric motor required to scan the
beam is shown in Fig. 4(d) and is 0.24 mm/°.

Due to the large period of the array, the mutual coupling
between each element is expected to be low. The mutual
coupling between each element is simulated to be -45 dB
at broadside, which is in good agreement with the measured
value as shown in Fig. 4(f). When the lens array is mechani-
cally displaced, the mutual coupling increases. The maximum
measured mutual coupling is below -30 dB for the largest
mechanical displacement, see Fig. 4(f).

IV. ACTIVE ARRAY DEMONSTRATION SETUP

In order to make a demonstration of the dynamic beam steer-
ing capabilities of a scanning lens phased array, we developed
a setup to achieve electronic control in amplitude and phase
of 4 W-band signals, and a setup to calibrate these signals
over-the-air.

A. ELECTRONIC AMPLITUDE AND PHASE CONTROL SETUP
To simultaneously control the amplitude and phase of the
four-element array in the W-band, we use an IQ-steering
technique similar to the one described in [20] at Ka-band. A
schematic overview of this 1Q-steering technique is shown in
Fig. 5(a). A continuous-wave f;, = 12.5 — 18.3 GHz signal
is generated and distributed to four IQ-mixers that individ-
ually control the amplitude and phase of their output signal
at fi,. The output of these 1Q-mixers is fed into 4 frequency
extenders that multiply the frequency of the signal by a factor
of 6, to end up in the W-band (f,,, = 75 — 110 GHz). Since
the 1Q-mixers can apply a phase shift of ¢;, = [0, 27] to
the signal at f;,, the resulting phase shift to the multiplied
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FIGURE 4. Measured single-element radiation pattern at 90 GHz of lens
elements 1-4 in the (a) E-plane and (b) H-plane and (c) the E-plane when
scanning. (d) The required displacement of the lens array with respect to
the feed. (e) E-plane pattern measurement: comparison of the near field
measurement result and QO measurement result. (f) Measured mutual
coupling between two adjacent lenses in the array for several scan
positions of the array.

signal is ¢, = [0, 127]. We thus have four independently
controllable channels.

We have implemented the amplitude and phase control
architecture of Fig. 5(a) with a signal generator, a four-way
Wilkinson power divider, four IQ-mixers, four power am-
plifiers and four frequency extenders, pictured in Fig. 5(b).
Each IQ-mixer is connected to two high-resolution digital-
to-analog converters: VI(') and VQ(l) with the superscripts (i)
referring to the channels i = 1...4 in Fig. 5(a). The voltages
Vi, Vg provide the bias level of the in-phase and quadrature-
phase mixer to control the output signals that are summed at
the output of the mixer. In this way, the output signal of each
IQ-mixer realizes a cartesian vector modulator by varying
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FIGURE 5. (a) Schematic of the 1Q-steering technique used to control the
amplitude and phase fed to the array’s elements. (b) Photograph of the
implemented 1Q-steering electronics. The extenders and antennas are
shown in Fig. 6. Measured (c) Power and (d) Relative phase of the 1Q-mixer
in channel 1 at 15 GHz. Solid lines are constant-phase contours. The -9
dBm power contour is indicated and the measured amplitude and phase
on this contour are shown in (e).
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the real and imaginary part of the high-frequency signal. In
our implementation, the DC voltages are supplied by 12-bit
DAC:s that allow us to control amplitude and phase in steps
of 7 -1073 degrees and 0.1 uW at f;,. By implementing the
phase shifters at f;, instead of at f,,; we are not limited by
the performance of W-band phase shifters and we can use
commercial components available in our lab to demonstrate
the active array. The implementation of the phase shifters
represents a significant improvement over earlier lens array
demonstrations [4], [18], [19].

The measured output power and phase at 15 GHz, before
the frequency extenders, are shown in Fig. 5(c) and (d), re-
spectively. The control of the amplitude will allow us to adjust
the input power of each extender in order to achieve the same
power level at the output of each frequency extender. The
measured output power and relative output phase that corre-
sponds to the -9 dBm contour in Fig. 5(c) and (d) is shown in
Fig. 5(e). Indeed, power and phase control are achieved. The
IQ-mixers were then connected to the frequency extenders,
which were in turn connected to the lens antenna array.

B. OVER-THE-AIR ACTIVE ARRAY MEASUREMENT SETUP
The far-field distance of the active antenna array (several me-
ters) is larger than our laboratory facilities can accommodate.
We have therefore developed a quasi-optical system that will
be used to calibrate and measure the active array at a reason-
able distance in the lab. The quasi-optical system consists of
a focusing lens in front of the array with a focal distance of
F =200 mm. In the region around the focus of this lens,
called the spot in the rest of the paper, the field distribution
is related to the far field pattern by p = F tan6 , where p
indicates the lateral distance from lens focus, and 6 is the far-
field radiation angle [25], [26]. Since the field radiated by each
array element is coherently summed in the spot, this setup can
be used for over-the-air calibration of the channels relative to
each other. Furthermore, we can obtain the far-field patterns
of the array from a small, planar displacement of the receiver
around the spot. The -3 dB spot size is approximately 7.2 mm
at 90 GHz and by measuring a +170 mm displacement we can
approximately measure the far-field patterns up to = 40°.

To measure the patterns in the spot, only the amplitude
must be measured, similar to a far-field measurement setup.
We therefore used a WR-10 waveguide probe connected to a
commercial down-converting mixer as a receiver, which was
connected to a spectrum analyzer for readout of the signals.
This receiver provides us with fast measurements of rela-
tive power to perform radiation pattern measurements. The
measurements with this receiver were later calibrated against
absolute power measurements using a power meter, detailed
in Section V-B.

A schematic overview of this measurement setup is shown
in Fig. 6(a) and photographs of the setup are provided in Fig
6(b) and (c). The amplitude and phase of the array inputs are
controlled as described in Section IV-A. The focusing lens
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WR-10 amplitude Lens phased
and phase control

Focusing
array lens
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Down
mixer

Spectrum
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FIGURE 6. (a) Schematic of the quasi-optical antenna measurement setup.
(b) Frequency extenders connected to the prototype. (c) The PTFE focusing
lens is placed above the array.

is a polytetrafluoroethylene (PTFE, ¢, = 2) hyperbolic lens
placed directly above the antenna array and held in place using
a 3-D printed fixture. The receiver is positioned in the spot of
the focusing lens and can be moved around it using a 3-axis
CNC stage.

To validate the accuracy of the quasi-optical measurement
setup, we have compared the measured E-plane pattern of a
single active element using this setup to the earlier near-field
measurements. Indeed, as shown in Fig. 4(e), there is a good
agreement between the two measurement techniques. With
this setup we achieve a dynamic range of at least 50 dB. After
calibrating the array as described in Section V, the same setup
is used to measure the active array patterns.

V. OVER-THE-AIR ACTIVE ARRAY CALIBRATION

In this section, we describe the calibration procedure neces-
sary for the active array demonstration, that will be presented
in Section VI.
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A. 1Q-MIXER CALIBRATION AT W-BAND
The broadside calibration at W-band was performed by posi-
tioning the receiver at the focus of the lens and measuring the
received power using the spectrum analyzer.

Each lens element of the array was measured independently
at 90 GHz as a function of the IQ-mixer voltages VI(’), VQ(')
that control the amplitude and phase fed to the lens. For ex-
ample, the calibrated measured power at 90 GHz is shown in
Fig. 7(a) and (b) for channel 1 and 2, respectively. Due to hard-
ware differences, the received power varies per channel. The
greatest common received power for all individual channels,
around -31 dBm, was set as the contour in the VI(’), VQ(’)-plane
over which each channel operates. A few such constant-power
contours are illustrated in Fig. 7(a) and (b).

To demonstrate quasi-optical power combining in the
spot, only the first array element is turned on and the
power in the spot is measured while the phase angle ¢l$) =
atan(VQ(l) /Vl(l)) is swept from 0° to 360° over the contour
of constant power. The calibrated measured power is shown
in Fig. 7(c), where we see that indeed -31 dBm is measured
independent of ¢,.(nl). The first array element is then fixed at
¢>l.(,:) = 0° and the second array element is turned on. We then
measure the received power, i.e., the combined power of chan-
nels 1 and 2, as a function of the phase angle ¢l(3 =[0°, 360°]
over its contour of equal power. A clear interference pattern
with 6 constructive (destructive) peaks (valleys) can be ob-
served in the measured power in Fig. 7(c), which is consistent
with the phase shifting after the frequency extenders achieving
arange of [0, 127].

For the channels i = {3, 4}, the preceding steps are re-
peated: channels 1...i — 1 are fixed at a point of maxirg;)um

i

constructive interference. Channel 7 is turned on and ¢, is

swept over a contour of constant power. The measured power
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TABLE 1. Measured Power in the Measurement Setup

Frequency PS4, [dBm] Pl [dBm] PLM [dBm]
[GHz] at fip at foue at foue
78 44 167 0.6
90 -45.2 -18.6 -2.9
102 -57.0 -21.2 -6.0

is shown in Fig. 7(c), in which the characteristic peaks and val-
leys are indeed observed. The maximum received power with
four active lens elements is 12 dB above the received power
of a single antenna element, as expected from the increased
antenna gain and transmit power. Maximum destructive inter-
ference with four active channels is 6 dB below the maximum
constructive interference, which is expected since channels
1-3 are fed in phase and only the fourth channel is out of
phase.

The calibration procedure for scanned beams is the same
as the procedure outlined above, except for the position of
the piezo-electric motor and the position of the receiver. The
piezo-electric motor was displaced by 0.24 mm per degree
of desired scan angle (see Section III). The receiver was po-
sitioned at the scanned focus of the focusing lens which is
displaced Ap = F tan(fy.) relative to the broadside spot of
the focusing lens.

The calibration procedure described above was performed
for 78 GHz, 90 GHz and 102 GHz for scan angles up to 65, =
20° in steps of A#y. = 5°. For example, the received power
with 1-4 active channels as a function of ¢> for 6. = 20° at
102 GHz is shown in Fig. 7(d) where we can also observe the
12 dB gain in received power of the active array relative to
a single active element. This calibration procedure provides
us with the values for the IQ-mixer voltages V(') Q(i) that
correspond to the progressive phase shifts requlred to steer
the beam towards the desired scan angle Oj,.

B. ABSOLUTE POWER CALIBRATION

After calibration, we measured the power in the spot radiated
by the active array using a standard gain horn and a W-band
power meter. The measured power was used to calibrate the
relative power measurements performed with the spectrum
analyzer. The measured power in the spot with both setups
is reported in Table 1 as P, pot (spectrum analyzer) and PS’;’Z
(power meter), respectively. Finally, the input power to the
array, PIiM , was measured by summing the power measured

at the output of the frequency extenders with a power meter.
This power is also reported in Table 1.

VI. ACTIVE ARRAY DEMONSTRATION

The active 4x1 scanning lens phased array performance was
measured using the setup and calibration procedure described
in Sections IV and V.
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FIGURE 8. (a)-(c) 4x1 active array E-plane radiation patterns at 78-102
GHz. The achieved (d) Antenna gain and (e) Scan loss of the active array.
Solid lines are simulations, dashes are measurements.

The measured broadside E-plane radiation patterns of the
active array are shown in Fig. 8(a)-(c) at 78 GHz, 90 GHz and
102 GHz, respectively. The radiation patterns show excellent
agreement with full-wave array simulations of the far field
patterns for all frequencies. The maximum sidelobe level is
around —12 dB in the E-plane and around -20 dB in the
H-plane.

The measured scanned E-plane radiation patterns are shown
in Fig. 8(a)-(c) at 78 GHz, 90 GHz and 102 GHz, respectively.
The scanned patterns also show very good agreement with
the expected patterns from the simulations, with maximum
sidelobe level increasing to around -10 dB for 6, = 15°.

The array’s antenna gain is obtained by applying Friis’
equation, which can still be applied in the focused spot as
explained in [26]. The transmit power is P, the received
power is Pf;, as reported in Section V-B and Table 1. The gain
of the horn is 10.8 dBi at 90 GHz. The dielectric and reflection
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loss due to the PTFE focusing lens is estimated at 0.36 dB
(tand =4 - 1074 [27]). The measured antenna gain is shown
in Fig. 8(d) for 78-102 GHz. For broadside, the measured gain
is 31.2 dBi at 90 GHz. The simulated gain in Fig. 8(d) takes
into account the estimated dielectric loss in the lens array
of 0.07 dB (tan8 = 3.3 - 10~* [27]) and the ohmic loss in
the waveguide block between 0.5-0.75 dB (o = 3.6 - 10° S/m
[21D.

The measured scan loss is determined as the difference in
received power in a scanned position relative to broadside,
taking the pattern of the receiving probe in consideration, and
is shown in Fig. 8(e). The measured scan loss is in good
agreement with the simulated scan loss and is between -2
dB and -2.2 dB for 6. = 20° in the W-band, depending on
the frequency. The measured scan loss of a single element is
also shown in Fig. 8(e), demonstrating that the scan loss is
indeed defined by the scanning ability of the single element
as anticipated in [11]. Consequently, the scan loss of the
array and grating lobe levels can be improved by using lens
elements with better scanning performance. The antenna gain
as a function of scan angle, shown in Fig. 8(d), is in good
agreement with simulations.

Although other works at lower frequencies, such as [18]
and [19], have demonstrated beam scanning to larger angles,

e., O, = 30°, the gain reported in those works was much
lower: below 20 dBi for roughly the same number of array
elements. This is due to the smaller diameter of the single
lenses: D; =~ 2.5X¢ in [18] and [19] versus D; = 61¢ in this
work. Consequently, the maximum number of beams scanned
N = 04D;/ro is N =~ 1.3 in [18], [19] and N = 2.1 in this
work. Scanning N = 1.3 beams (65, = 12.5°) using our an-
tenna results in a scan loss of around 0.9 dB, which is lower
than the 1.6 dB and 2.5 dB scan loss reported in [18] and
[19], respectively, for the same N. Additionally, the pattern
quality and aperture efficiency in [18] and [19] are not as high
as reported here. For example, in [18] the aperture efficiency is
below 40% while we achieve around 84%. In [19] the sidelobe
level is around -6 dB for N = 1 while we remain below -10
dB for N = 2. Finally, the measured bandwidth of our antenna
is more than 25%, while the bandwidths in [18] and [19] are
11% and 8.5%, respectively.

VII. CONCLUSION
We have reported on the simulation, fabrication and mea-
surement of a sparse 4x1 scanning lens phased array with a
periodicity of 6Ap operating over the entire W-band (75-110
GHz). The array is capable of continuous and dynamic beam
steering of a high-gain (>30 dBi) beam towards £20° with
low grating lobe levels around -10 dB. The array achieves low
grating love level thanks to the use of a leaky wave feed in
combination with HDPE lenses to reach high aperture effi-
ciency illumination of the lens that is required in the scanning
lens phased array architecture.

The active scanning lens phased array relies on a combi-
nation of electrical and mechanical phase shifting to steer the
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beams. To achieve electrical phase shifting, we developed and
measured a W-band setup that uses 1Q-mixers at low frequen-
cies to achieve [0, 2] phase shift before x6 multiplication,
resulting in [0, 127r] phase control at W-band. Mechanical
phase shifting was implemented with a high-precision piezo-
electric motor. The proposed dynamic beam steering concept
can be extended to two dimensions using 2-D piezo-electric
motors. This will enable translating the lens array in the xy-
plane, achieving the steering of the element pattern in two
dimensions.

An over-the-air active array calibration method was pre-
sented and implemented. Measurements of this W-band 4x1
array prototype show excellent agreement with simulations
in terms of radiation patterns, gain and scan performance,
demonstrating the potential of the proposed scanning lens
phased array concept.
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