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Ultra-sharp beam forming and high-angular-resolution steering in both azimuth and
elevation directions are required in high-performance imaging sensors, spatialmultiplexed wireless links and other applications. This poses great challenges due to the
fundamental relationship between the beamwidth and the dimension of the antenna
aperture. As shown in Fig. 4.5.1, the aperture size required to achieve 1° of 3dB
beamwidth is 0.6×0.6m2 and 0.2×0.2m2 at 24GHz and 77GHz, respectively. In current
radars, sparse MIMO antenna schemes are adopted to synthesize virtual arrays with the
above size in one dimension. However, they require intensive signal processing of many
channels. The complex signal routing and placement of active electronics also leads to
challenges in the 2D scaling required for pencil beam forming. By increasing the wave
frequency to 265GHz, the work in this paper signiﬁcantly reduces the aperture area,
allowing it to be fully realized by digitally controlled, reﬂective antennas in CMOS
microelectronic chips (Fig. 4.5.1). Similar to a concave mirror, a reﬂectarray, when
illuminated by a single radar source, applies incident-angle-dependent phase shifts (e.g.
φ1 and φ2 in Fig. 4.5.1) to the wave and re-focuses it towards a desired direction. This
quasi-optical spatial feed eliminates the high-frequency signal routing and complex
processing inherent to MIMO arrays. Employing 98×98 antenna elements, we
experimentally demonstrate the forming and electronic steering of a THz pencil beam
with ~1° beamwidth in two dimensions. With under-antenna integration of dense memory
cells, sidelobe reduction and squint correction are also achieved.

The design of the reﬂective antenna unit is shown in Fig. 4.5.2. Generally, multi-bit THz
phase-shifters in CMOS have large and phase-dependent insertion loss and errors in
phase-shift value, degrading radiation performance. Common topologies such as active
vector-summing shifters also do not suit dense 2D array integration due to their large
footprint and power consumption; their unidirectional operation also does not allow
monostatic radar conﬁgurations to exploit high-directivity beams in both TX and RX with
precise mutual alignment (Fig. 4.5.1). Our design (Fig. 4.5.2) is based on a square patch
antenna in the C4 pad layer. It avoids those problems by adopting 1-bit phase-shifting
(similar to [1]) and cross-polarization backscattering. The incident wave excites the TM010
mode of the antenna and is extracted by a microstrip line tapping at the antenna edge
(P1), which connects to a pair of passive FinFET switches. Controlled by gate signal D,
the signal is routed to one of the two orthogonal patch edges (P2 or P3), re-radiating
the wave with the TM100 mode of the antenna. The polarity-ﬂipping design mitigates
performance degradation due to interference between the beamformed ﬁelds and
undesired reﬂections from passive structures, a problem typical of reﬂectarrays. Unlike
other multi-bit [2] or 1-bit impedance-tuning-based [1] reﬂect/transmit arrays, this
design relies on structural symmetry, producing precise 0°/180° phase inversion and
equal amplitude between D=0 and D=1. In simulation, this compact phase-shifting
scheme with optimal FinFET sizing (Fig. 4.5.2) gives an insertion loss of 2.7dB. Although
1-bit phase-shifting results in large quantization error, as the calculated radiation patterns
in Fig. 4.5.2 show, sharp beams are still formed with large array scale N, due to increased
aperture size, coherent addition of ﬁelds in the mainlobe, and the spatial feed’s
randomization of phase-quantization errors.
Compared to prior RF-THz reﬂect/transmit arrays using discrete phase-shifting devices,
our work in CMOS does not require any high-speed control signals from external
electronics, due to an 80-kbit shift-register memory integrated under each antenna (Fig.
4.5.3). After a one-time loading of pre-calculated data (Mode 1), the bits in each cell are
read out sequentially and cyclically (Mode 2) to control the antenna phase shift for rasterscan imaging. Although in principle beam forming for a radar image only needs 1bit per
beam state per antenna (10kbits total per antenna for an example 100×100 pixel image),
the extra memory space allows for two additional performance enhancing functions.
First, reduction of the sidelobe ﬂoor caused by the 1-bit phase-quantization error is
enabled by a time-dithering approach [3]. In the pre-calculation for the antenna 1-bit
phase data (D0, D1…), a time-variant phase offset Δφ is added to each ideal phase value
before 1-bit quantization (Fig. 4.5.3). Δφ is always uniform across the array, hence not
altering the beam direction. However, due to quantization’s inherent nonlinearity, a Δφ
changing at each Tclk will scramble the quantization sidelobes’ magnitude and phase,
while adding Δφ to mainlobe phase. At the receiver, when the signal segments at these
Tclk are coherently added (by subtracting the corresponding Δφ via low-frequency LO

phase shifting), the scrambled quantization sidelobes add incoherently, leading to an
effective sidelobe reduction [3]. Such dithering, although effective, was previously
impractical due to the need for ultra-fast data refresh from external electronics. Our
architecture enables it, where each memory sector pre-stores and outputs antenna phase
data calculated with Δφ=[0°, 45°, 90°, 135°] for a beam steered in a given direction.
Secondly, our memory architecture enables the correction of beam squint, which
degrades the angular resolution in wideband FMCW imaging radars. Experimental results
shown in Fig. 4.5.5 reveal that for a 10GHz sweep, the tilting of beam direction θ exceeds
the beamwidth, degrading effective image resolution. Shown in Fig. 4.5.3, our memory
design, on top of time dithering, supports squint correction by storing phase values
corresponding to different frequencies within an FMCW chirp. Such correction, requiring
only synchronization between the low-frequency memory clock and the chirp, is
transparent to the external transceiver.
The reﬂectarray is implemented as a 14×14 tiling of identical 22nm CMOS dies on PCB
(Fig. 4.5.4). Each die has an area of 4×4mm2 and contains 7×7 antenna units. The overall
aperture is 58×58mm2, with ~780Mb built-in memory. An identical pitch of about half
wavelength is maintained among antennas both within chip and between adjacent chips.
The chips are inter-connected via low-proﬁle bond wires at their edges. Power and phase
data are provided from the boundaries of the assembly, and chip-select signals conﬁgure
each chip to either accept incoming data or pass it onto its neighbors, allowing for high
scalability and robustness to potential defective chips with negligible performance
degradation. In our experiments, a VDI WR-3.4 source along with a bent waveguideopening feed is used on a motorized rotation stage. A VDI WR-3.4 sub-harmonic mixer
is ﬁxed at a 1.6m distance to test beam-forming patterns. Figure 4.5.5 shows the
measured radiation patterns of a 265GHz beam electronically steered to 0°, ±20°, ±40°
and ±60°. At boresight, the beam has a directivity of 42dBi and a 3dB beamwidth of 1.0°.
The estimated total insertion loss of the in-unit phase-shifter is 3dB. From 260 to 270GHz,
a beam squint of ~3° is measured. Our tests show that this effect can be signiﬁcantly
mitigated when corrected phase patterns at 260 and 270GHz are loaded from the
integrated memory. The decreased amplitudes at 260 and 270GHz are due to the ﬁnite
bandwidth of the on-chip patch antennas. In Fig. 4.5.5, sidelobe reduction using dithering
is also demonstrated. When based on a static phase pattern, an array-generated beam
at -30° possesses a -30 to -35dB sidelobe ﬂoor. With 4× time dithering (Δφ=0°, 45°, 90°
and 135°), the integrated sidelobe ﬂoor from -20° to 80° is decreased by 4.6dB,
approaching the case using ideal phase shifters and reducing clutter in imaging
applications. At VDD=1V, the static and dynamic current of the entire array, due to the
integrated memory, are 150mA and 850mA (fCLK=100kHz), respectively.
The real-world applicability of the presented approaches is demonstrated in an imaging
application given in Fig. 4.5.6. For system simplicity, the radar employs the CMOS
reﬂectarray without previously described sidelobe and squint reduction, in a bistatic
FMCW (BW=1.92GHz) conﬁguration consisting of a VDI WR3.4 source with +20dBm
power and a VDI WR3.4 sub-harmonic mixer with 12dB noise ﬁgure. Raster scan with
1° step size reveals the locations of multiple targets, some having an angular offset of
only 3°. In addition, a three-dimensional, electronically-scanned radar image of pixels in
1° steps across [-45°, +45°] in both axes detects a number of targets spread across a
complex scene. Lastly, Fig. 4.5.6 shows a comparison with state-of-the-art chip-based
THz beam-steering arrays, demonstrating this work’s superior beamwidth and steering
range. In addition to imaging, potential applications of this work also include
reconﬁgurable point-to-point wireless links, relays for non-line-of-sight communications,
complex wave-front (e.g. orbital angular momentum) generation, and any application
relying on electronically-steered THz pencil beams.
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Figure 4.5.2: (Left) Design of the memory-integrated reﬂect antenna and the 1-bit
Figure 4.5.1: (Left) Tradeoff between aperture size and beamwidth of beam forming, phase-shifting operation; (Right) simulated performance and the beam-forming
patterns of various 1-bit reﬂectarray sizes, N.
(Right) architecture and operation of the presented 265GHz CMOS reﬂectarray.

Figure 4.5.3: Sidelobe reduction and squint correction enabled by the under-antenna Figure 4.5.4: (Top) assembly and inter-chip connection of the chip array. (Bottom)
setup for the beam-pattern measurement.
integrated memory cells.

Figure 4.5.5: (Top) Measured radiation patterns of electronically-scanned pencilbeam steering in both E and H-planes. (Bottom) Demonstration of algorithms for Figure 4.5.6: (Top) Imaging demonstration. (Bottom) comparison with the state-ofthe-art THz beam-forming chips.
beam-squint correction and sidelobe mitigation.
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Figure 4.5.7: Photos of the CMOS chip and the array assembly.
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