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Abstract— We have developed a real-time 141 GHz joint
communications and sensing (JCAS) channel sounder, with focus
on this article on 3-D near-field imaging (less than 50 cm
range) for applications such as finger recognition. To achieve
this, we integrated phased-array antennas into the channel
sounder—to the best of our knowledge, we are the first to
do so in the D-band—and adapted the switched beamforming
technique we developed previously, to realize real-time near-field
beamforming. We also propose another novel technique, coined
carrier multiplexing, to extend the instantaneous bandwidth of
the phased arrays to their full radio frequency (RF) passband—
by a factor of two for our current arrays and by a factor of ten
for our next edition. Finally, we integrated camera and Lidar
systems that are temporally and spatially synchronized with the
channel sounder to generate real-time digital twins of the target
while sounding, enabling machine learning on multimodal data.
We showcase system performance with controlled experiments on
metal cylinders, demonstrating imaging resolution on the order
of a centimeter.

Index Terms— Calibration, channel measurement, channel
modeling, D-band, propagation, 6G, sub-terahertz, sub-THz, 3-D
imaging.

I. INTRODUCTION
HE evolution of wireless networks over the last 40 years
has witnessed ever wider bandwidths, ever more anten-
nas, and ever shorter packet durations, all for the sole purpose
of delivering higher communications throughput. As a byprod-
uct, today’s networks have fine enough resolution in the
respective delay (range), angle (space), and Doppler-frequency
shift (velocity) domains to enable sensing the contours of
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relatively small targets by way of Radar [1]. Unlike optical
sensors, Radar is insensitive to lighting conditions and colors,
can operate in nonline-of-sight conditions, maintains privacy
and has low enough power consumption for a device to
operate for years on a single battery [2]. What is more, the
pervasiveness of today’s networks—composed of small cells,
relays, Wi-Fi routers, and other access points in addition to
cell towers—enables ubiquitous sensing for Internet of Things
(IoTs) applications such as target classification (e.g., human,
vehicle, and UAV) [3], human pose reconstruction [2], [4],
[5], human activity recognition (e.g., walking, jumping, and
sitting), [6], [7], [8] and hand and finger recognition (e.g.,
swiping, rolling, and signing) (9], [10], [11], [12], [13], [14],
[15], [16], [17], [18], [19], [20], [21], [22]. The extension of
network functionality from communications alone to sensing
has paved the way for joint communications and sensing
(JCAS) as the defining trait of 6G networks.

The Terahertz regime is attractive for JCAS applications
thanks to tens of Gigahertz of available bandwidth and to
sub-millimeter wavelengths for packing hundreds of antennas
in close proximity (nominally half-wavelength apart). The sub-
Terahertz D-band—110-170 GHz—is particularly attractive
due to lesser oxygen-absorption pathloss [23], prompting the
debut of D-band channel sounders in recent years, which we
catalog in the next paragraph. A comprehensive literature on
Terahertz channel sounders (beyond just the D-band) can be
found in [24] and [25] and is beyond the scope of this article.

Vector network analyzer (VNA)-based sounders, which
sweep the frequency domain across the band of interest, are
the most common [26], [27], [28], [29], [30], [31], [32],
[33], [34], [35], [36], [37], [38]; but because they sweep
such a wide band, can take up to 45 s [28]. With free-space
pathloss at sub-Terahertz even greater than at millimeter-
wave [23], pencilbeam directional antennas will be employed
to compensate the link budget by virtue of high gain; but to
obtain omnidirectional field-of-view (FoV), the most typical
setup is to sweep the angle domain by placing the antennas
on mechanical rotators: VNA-based variants perform 2-D
(azimuth only) [30], [31], [32] or 3-D (azimuth and eleva-
tion) [33] angle sweeps at the receiver (RX) only (single
directional), 2-D angle sweeps at the transmitter (TX) and
RX (double directional) [27], [34], and 3-D double-directional
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angle sweeps [35], [36]; the slow mechanical movement, how-
ever, extends the total sweep duration—across both frequency
and angle—from tens of seconds to minutes or even hours.
The alternative to rotators are virtual phased-array antennas,
which are traced out by placing the antennas on 2-D [37] or
3-D [38] positioners and then beamformed in postprocessing
to sweep angle, but due to mechanical translation are as slow.
The alternative to VNAs are correlation-based sounders [23],
[39], [40], [41], [42], [43] that transmit a pseudorandom-noise
(PN) code and then correlate at the RX—effectively sweeping
delay instead of frequency—reducing the sweep duration from
tens of seconds to just nanoseconds; but when coupled with
2-D [41] or 3-D rotators [23], [42], [43] to sweep double-
directional angle, their speed advantage vanishes vis-a-vis the
mechanical movement.

The slow sweep duration of the aforementioned channel
sounders is much beyond the tens or hundreds of microseconds
coherence time desired for D-band channels [25]. It is not
by chance that they have been thus far employed to charac-
terize environments only, as environments can be maintained
static during the sweep; the sole exception is [29], which
characterizes the Radar-cross section (RCS) of a human that
is maintained static during the sweep. Notwithstanding, these
channel sounders are beneficial to the current work underway
by the 3rd Generation Partnership Project (3GPP) to extend the
frequency range (currently valid up to 100 GHz) of their pop-
ular 38.901 channel propagation model [45] that characterizes
environments—urban, rural, office, and factory classes—for
5G communications applications. Besides frequency range,
another important extension is the classes of models charac-
terized, from environments classes only to target classes—
e.g., human, vehicle, and UAV classes—for 6G sensing
applications.

In the 38.901 model, an environment is represented as a
collection of discrete multipath components, each representing
a planar wavefront that scatters radiated power randomly in the
delay, angle, and Doppler domains. While sufficient to evaluate
communications performance metrics such as throughput, how
a target scatters power in these domains in a temporally
consistent manner—e.g., applications for hand recognition—
is the very radio frequency (RF) signature that characterizes a
target, so real-time channel sounding is necessary. Since the
RF signature of a target will be characterized by the motion
of its individual parts—e.g., the independent motion of human
hands—high resolution in these domains to discriminate the
parts is paramount.

However, the much greater propagation pathloss in the
D-band, where the finest angle and delay resolution for
sensing are available, will limit applications from centimeters
to tens of meters [4], [5], [6], [71, [8], [9], [10], [11],
[12], [13], [14], [15], [16], [17], [18], [19], [20], [21], [22]
rather than to hundreds or thousands of meters that are
typical for communications [46]. At these distances, near-
field beamforming—which assumes that the wavefronts are
spherical, not planar as in the far-field, so the beam pattern
varies not only with angle, but also with delay—is subscribed.
Hence, the angle rotation of fixed-beam directional antennas
is inadequate [23], [27], [30], [31], [32], [33], [34], [35],
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[36], [41], [42], [43]; and although virtual phased-array anten-
nas [37], [38] are capable of near-field beamforming, they
cannot operate in real-time.

In this article, we describe a novel 141 GHz JCAS channel
sounder, with the following main contributions.

1) Real-Time: To the best of our knowledge, we are the

first to develop a D-band channel sounder with real
(not virtual) phased-array antennas, so that angle can
be swept electronically (not mechanically), enabling a
total channel sweep in just 512 us.

2) Carrier Multiplexing: To achieve high-resolution imag-
ing, we developed a technique to extend the instanta-
neous bandwidth of our current arrays by multiplexing
adjacent RF bands, each linked to a separate carrier
frequency. This technique required extending our previ-
ous work on generating the TX waveform in a single
band [47], [48] to partitioning the waveform across
multiple bands.

3) Near-Field Switched Beamforming: We adapted the
switched beamforming technique that we developed pre-
viously for estimating angle-of-departure (AoD) at the
TX and angle-of-arrival (AoA) at the RX of communica-
tions channels in the far-field [47], to near-field imaging.
This adaptation introduced significant advancements,
addressing the unique challenges of near-field operation,
such as focusing beams at finite ranges and accounting
for the curvature of spherical wavefronts.

4) Context Awareness: We complemented the RF system of
the channel sounder with a spatially and temporally syn-
chronized camera/Lidar system, to generate a real-time
digital twin of the target during sounding, for training
machine learning algorithms on multimodal data [22],
as well as many other applications [49], [50].

Naturally, since the far-field is an approximation of the
near-field, the channel sounder can also be deployed at
longer distances to characterize communication channels (in
addition to Radar imaging). Consistent with our previous
communications channel sounders [47], [51], [52], [53], we
can also deembed the properties of the channel sounder—
such as the TX waveform, antenna patterns, and hardware
nonidealities—ensuring that the channel data produced is gen-
eralizable. Specifically, it can generalize to any TX waveform
with bandwidth less than the channel sounder’s and to any
antenna pattern with beamwidth greater than the channel
sounder’s [54], [55], [56]. The channel sounder can thereby
support a wide range of JCAS applications.

The remainder of this article is structured as so: Section II
describes the channel sounder architecture, namely the RF
system and the camera and Lidar systems. Section III describes
the carrier multiplexing technique that we developed followed
in Section IV by our near-field switched beamforming tech-
nique. Section V showcases controlled experiments on metal
cylinders with dimensions comparable to human fingers, and
Section VI summarizes our current and future work.

II. CHANNEL SOUNDER ARCHITECTURE

The architecture of the channel sounder is described in this
section. First, we describe the RF system—the phased-array
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NIST 141 GHz context-aware channel sounder. (a) Vertically polarized 8 x 8 phased-array antenna board with separate TX, RX, and LO ports (the

SPI port is on the back of the board). (b) TX and RX boards mounted in a monostatic configuration together with the camera and Lidar.
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Fig. 2. Normalized 3-D antenna patterns of (a) single MSA with 3.5 dBi gain and (b) flat-top beam at TX with 25.1 dBi gain.

antennas and the TX and RX sections—and then we describe
the camera/Lidar system, which provides context awareness of
the target being sounded.

A. Phased-Array Antennas

Fig. 1(a) displays the 141 GHz 8 x 8 phased-array antenna
boards [57], [58] integrated into our channel sounder. The
arrays are vertically polarized and can operate in either TX
or RX mode. The 64 microstrip antennas (MSAs) are spaced
roughly at half-wavelength: 1.2 mm in azimuth (horizontal)
and 1.1 mm in elevation (vertical). The arrays can synthesize
a beam within a FoV that corresponds to the half-power
beamwidth of the individual antennas, which is £39° in
azimuth and +43° in elevation. Fig. 2(a) shows the normalized
radiation pattern of a single antenna, which has a 3.5 dBi
boresight gain. An electronic beam is synthesized through
analog beamforming, that is, by applying analog weights to
the individual antennas to coherently phase their patterns.
The weights are applied by independently programming the
magnitude state (amplifier) and phase state (vector modulator)

of each antenna, which together form a complex amplitude,
through a serial peripheral interface (SPI) port. The magnitude
and phase state both have 4-bit precision, thus 2* = 16 possible
values each. The SPI also features a channel select register to
toggle each antenna on/off via its amplifier, so that the anten-
nas can be calibrated individually. The arrays have onboard
mixers for up- and down-converting the IF to RF through the
local oscillator (LO) fed to the LO port, which multiplies that
LO provided by a factor of six: IF + 6 x LO = RF. The TX,
RX, and LO ports can be seen in Fig. 1(a), whereas the SPI
port is on the back of the board.

B. TX Section

The TX section is displayed in Fig. 1(b) and its block
diagram in Fig. 3(a). The TX array illuminates the target
under investigation by synthesizing a flat-top beam across
its FoV through analog beamforming. While in principle the
analog weights could be computed analytically [59], [60],
better results were attained through a genetic algorithm,
which could be tailored to the array specifications. Namely,
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Fig. 3. Block diagram of the (a) TX section and (b) RX section.

it solved the integer programming problem of selecting the
optimal analog weight for each antenna from the 256 possible
values (16 magnitude states x 16 phase states). A genetic
algorithm was chosen because it provides a good solution
to the integer program with reasonable computation time.
To solve the problem, the algorithm inputted the patterns of
the individual antennas plus the 256 weight values. While
we found the patterns to differ only slightly from antenna to
antenna, we found the analog weights to differ significantly
due to hardware nonidealities; as such, the 256 weight values
were characterized per antenna using a VNA, namely as the
S>1 parameter at 141 GHz (see the setup in [53]). The objective
of the integer program was to maximize the minimum beam
gain over the array’s FoV. Fig. 2(b) shows the corresponding
normalized 3-D beam pattern we measured: the flat-top beam
has 32° beamwidth in azimuth and 30° in elevation, with a
boresight gain of 25.1 dBi.

The TX waveform, synthesized by an arbitrary waveform
generator (AWG), is a repeating binary phase shift keying
(BPSK)-modulated M-ary PN code with 2047 chip length
(33.1 dB processing gain) and 6.4 GHz chip rate (6.4 GHz
half-power bandwidth and 12.8 GHz null-to-null bandwidth).
The code, denoted as p(7) in the delay domain 7, is generated
at baseband and modulated at IF by the AWG. Next, the IF
signal is fed via a 12.4 dB power amplifier (including cable
losses) to the array port at 5.7 dBm TX power and then mixed
with an LO sourced by the same AWG. Adding the 25.1 dBi
flat-top beam gain, the waveform was transmitted at 30.8 dBm
equivalent isotropic radiated power (EIRP).

C. RX Section

The RX section is displayed in Fig. 1(b) and its block
diagram in Fig. 3(b). It generates a Radar image of the target,
that is, a distribution of the complex power backscattered from
the target in the 3-D domain: in azimuth (A) and elevation (E)
AoA, denoted compactly as # = [#*, 6F], and in delay 7. For
every code transmitted, the RX signal is downconverted back

Y SOURCE
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CONTROL

Tx AWG

PCCONTROL |«

(b)

to IF, fed to a low noise amplifier (LNA), and then sampled
by the digitizer at 32 GHz and digitally downconverted back
to baseband. We denote the baseband RX signal as y(t). The
signal is correlated (convolved) with the known PN code in
postprocessing, yielding the (complex) response (y * p)(z),
where * denotes the convolution operator and H the complex
conjugate. In reality, five concatenated codes are transmitted
and averaged at the RX to reduce the noise by 7 dB. The same
LO sourced from the AWG for the TX board was extended to
the RX board through a power divider, disciplined through a
Rubidium clock.

The 30.8 dBm EIRP together with the effective processing
gain of 27 dB of the PN code with predistortion filtering (see
Section III-A), 3.5 dBi single antenna gain at the RX, 18.1 dB
coherence gain of the RX array, 4 dB LNA gain (including
the RX noise figure and cable losses), and a —71.5 dBm noise
floor corresponding to the 32 GHz digitizer sample rate yields
a maximum measurable path loss of 154.9 dB.

The azimuth and elevation domains of the Radar image
are generated by sweeping a beam within the RX array’s
FoV. Phased arrays, including ours, are designed to sweep
the beam through analog beamforming, but to sweep the
beam, the analog weights must be reprogrammed per sweep
angle: it takes each array 1.6 us to program each antenna,
or equivalently 1.6 us x 64 = 1024 us to program all
64 antennas per sweep angle. The highest resolution image that
is achievable given the 4-bit phase precision and the antenna
spacing of our arrays is 7.3° in azimuth and 6.3° in elevation,
translating to 11 x 12 = 132 angles within the array’s FoV.
The total sweep would require 102.4 us x 132 = 13.5 ms,
much beyond the targeted channel sweep duration of less than
a millisecond. Rather, the switched beamforming technique
we developed in [47] implements antenna switching instead
of beam sweeping, by exploiting the channel select register
to switch each antenna on and off sequentially, requiring
0.8 us for each antenna (half the programming time, since
only the magnitude state is switched on/off). It then requires
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only 0.8 us x 64 = 51.2 us to switch the antennas, 264 times
faster than sweeping the beams. Once the individual antenna
responses are measured, the switched beams can be formed
in postprocessing by applying (computer) digital weights to
the antenna responses. Critically, the switched beams can be
swept at any angular resolution without changing the sweep
duration.

While reducing the sweep duration by orders of magni-
tude is a significant benefit of switched beamforming, the
other significant benefit is the accuracy that comes from the
effectively infinite precision of digital weights compared to
the 4-bit magnitude and 4-bit phase precision of the analog
weights. Such precision allows us to generate Radar images
at any angle resolution in far-field beamforming and, in near-
field beamforming at any angle and at any delay resolution.
However, where infinite precision matters most is in the
fine calibration of the digital weights to compensate for the
hardware nonidealities coupled with fine window tapering for
sidelobe suppression, which together enable us to synthesize
ideal beam patterns. All these features are essential to realizing
real-time near-field beamforming, as we shall see later.

D. Context Awareness

The RF system as a unit generates a Radar image of the
target. While it has been demonstrated that Radar images
alone can be used for training deep learning models for target
classification [2], [6], [7], [8], [9], [10], [11], [12], [13], [14],
[15], [16], [17], [18], [19], [20], [21], to obtain classification
accuracy above 90% with generalizability to at least ten
different classes, the number of required training exemplars
can be in the tens of thousands, necessitating months or even
years to collect across targets with varying dimensions, colors,
in different backgrounds, and so on, which can be prohibitively
expensive and time consuming. Rather, when complementing
the Radar images with digital twins of the target collected in
real-time and in the same 3-D domain as the images, that can
be reduced to less than a hundred [22].

To generate such digital twins, we mounted an NCTech
iSTAR Pulsar panoramic camera and Ouster OS0-128 Lidar!
pair that are flush with the RX section, as shown in Fig. 1(b).
Critically, the separate local coordinates of the RF, camera, and
Lidar systems must be spatially calibrated to a single global
coordinate system, and separate clocks of the three systems
must be temporally synchronized to capture the target at the
same exact time instant. Details of how this is achieved as
well as details of other applications for context-aware channel
sounding are described in [49] and [50].

III. CARRIER MULTIPLEXING

This section outlines the carrier multiplexing technique we
developed to extend the instantaneous bandwidth of the arrays

ICertain commercial equipment, instruments, or materials are identified in
this article to specify the experimental procedure adequately. Such identifica-
tion is not intended to imply recommendation or endorsement by the National
Institute of Standards and Technology (NIST), nor is it intended to imply that
the materials or equipment identified are necessarily the best available for the
purpose.
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across their full RF passband. The approach involves transmit-
ting PN codes on adjacent RF bands—each linked to a separate
carrier frequency and each predistorted to compensate for the
hardware nonidealities of the proper band—and subsequently
multiplexing the signals received. We begin by describing
the predistortion design for switched beamforming that we
developed previously for a single band [47], [48]. We then
introduce the novelty of this work: extending the design across
multiple bands. We demonstrate that this technique doubles
the bandwidth of our current arrays, translating to a tenfold
increase in bandwidth for our next edition of the arrays, which
feature an RF passband five times wider. Finally, we address
practical considerations when implementing the technique.

A. Predistortion Filtering in a Single Band

When the TX and RX sections directly connected, the setup
is referred to as a back-to-back configuration. The system is
considered ideal if the RX signal matches the TX waveform
exactly—in our case, y(r) = p(r) when the ideal code p(7)
is transmitted. As outlined in Section II-C, the response (y *
p™) () is then equal to (p* p™)(t), which corresponds to the
ideal impulse response shown in Fig. 4(a). This ideal impulse
response exhibits a 66.2 dB dynamic range (peak-to-sidelobe
ratio), the power equivalent of the ideal code’s 33.1 dB
processing gain. Its dual representation, the ideal frequency
response P(f) - P (f), is illustrated in Fig. 4(b). In reality,
no system is truly ideal due to the hardware nonidealities of
the TX/RX sections. These imperfections introduce spurious
pulses in the impulse response, which could be misclassified as
reflections in the channel being sounded, reducing the dynamic
range to just 21 dB, as shown in Fig. 4(a) without predistortion
filtering. By employing predistortion filtering—transmitting
a predistorted version of the code that compensates for the
nonidealities instead of the ideal code—the spurious pulses
can be suppressed.

The predistortion filter for switched beamforming was
designed in an over-the-air (OTA) configuration [47], [53],
[61], which, like a back-to-back configuration, accounts for
the nonidealities of the TX/RX sections. However, it also
addresses the nonidealities of the TX/RX array boards, which
distort the response but cannot be accessed via connectors as
in the back-to-back setup. Our OTA configuration replicates
the operation of the channel sounder in the field: the TX and
RX arrays are mounted on their respective sections and placed
in an anechoic chamber, separated by d = 1 m, with their
normals aligned and pointed toward each other. The ideal code
is transmitted and the RX array, with only antenna i switched
on, receives the signal. This received signal is denoted as
yé)TA(t), with its frequency-domain equivalent represented as
Y§ra (f). Furthermore, if the OTA channel, which incorporates
distortion introduced by the TX/RX sections and the array
boards, is denoted as &y, (7), then the RX signal can be
expressed as the convolution of the OTA channel with the
ideal code, as follows:

y(i)TA(T) = (hé)TA * P) (7). (1a)

Now if the predistorted code p’ (t) below is transmitted instead
of the ideal code, where F~—' denotes the inverse Fourier
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carrier multiplexing.
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transform

. P
P) = (fl[ﬁ] *p)(r), (1b)

Yora(f)

then it is the ideal code the is recovered at the RX side:

(Io)

In practice, the ideal code can only be recovered approxi-
mately, as predistortion cannot fully compensate for system
nonlinearities. The detailed derivation of the predistorted code
in (1b) is provided in [48].

In our original design [47], a unique predistorted code was
transmitted per antenna switched on. We later observed that
the other N — 1 antennas cannot be entirely switched off in
practice—there will always be leakage from the antenna that
is switched on. To address this, an improved design [48] was
developed in which the same predistorted code is transmitted
across all antennas. This updated design is based on the
RX signal that is received collectively from all antennas,
inherently accounting for the mutual leakage between them. In
the improved design [48], we transmit the same predistorted
code across all antennas. However, the design is based on the
RX signal received across all antennas, and so it inherently
accounts for the mutual leakage between the antennas. First,
the RX signals from all N antennas are summed:

}AleA(r) = (hé)TA * lai)(f) ~ p(1).

N

1 .
Yora(t) = N Z (hora * p)(T).

i=1

(2a)

Then, the unique predistorted code p(t) for all antennas is
computed against the Fourier transform of the sum:

o ]| PO
p(r) = (]: [ Yora(f) ] * p)(t).

Finally, the OTA response yora(t), obtained by transmitting
the predistorted code p(t), approximates the ideal code p(t):

(2b)

N

. 1 .
Sora(t) = — D (hypa  p) (1) ~ p(2),

N (20)

i=1
as shown in Fig. 4(a). Transmitting the predistorted code in
place of the ideal code extends the dynamic range from 21 dB
to 54 dB, equivalent to 27 dB processing gain. Fig. 4(b) shows
the OTA frequency response with and without predistortion
filtering.

B. Predistortion Filtering Over Multiple Bands

It is reported in [57] that the frequency response of the
arrays can vary significantly across their RF passband. In fact,
Fig. 4(g) shows the OTA frequency response (without pre-
distortion) of six bands in the proximity of 141 GHz, which
we generated by stepping the LO across adjacent carrier
frequencies and sweeping the IF band for each LO. The
bands each have an IF bandwidth of about 3.2 GHz, which
corresponds to 28% fractional bandwidth at IF = 11.4 GHz,
a value that falls within the typical Q-point range of operation.
Note that the rolloff shown as a black envelope in Fig. 4(g),
traced by stepping the LO continuously and plotting the peak
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value in the bands, is gentler than the rolloffs across each of
the individual bands. This is because the 3.2 GHz bandwidth
corresponds to a fractional beamwidth of just 2.3% at 141 GHz
carrier frequency once the bands are upconverted to RF.

The key realization in the carrier multiplexing technique
proposed is that by exploiting the lower fractional bandwidth
of the bands at RF, the instantaneous bandwidth can be
extended by multiplexing the bands together. The technique is
realized by transmitting codes on adjacent bands, by stepping
the LO across adjacent carrier frequencies in rapid succession,
and then summing the RX signals. The rapid stepping is
achieved by sourcing the LO directly from the AWG (rather
than from a voltage-controlled oscillator, as we did in the
past)—it takes less than 5 ns to switch the LO. A further
advantage is that the LO is phase locked to the IF signal
produced by the AWG, so any AWG clock jitter will be mutual
and thus will essentially cancel itself out. The disadvantage is
that an additional AWG channel is required.

The codes for each band are individually predistorted to
ensure that the summed OTA RX signals correspond to a single
ideal code spanning the entire RF passband. For our current
arrays, we consider two adjacent, nonoverlapping 3.2 GHz
bands that together form the full 6.4 GHz band shown in
Fig. 4(b). First, the ideal frequency response of the full band,
P(f), is partitioned into lower and upper bands, denoted as
P~(f) and PT(f), respectively. Distinct predistorted codes,
p~(t) and pT(z), are then computed for the respective OTA
frequency responses, Y, (f) and YS’TA( f), as follows:

1 < :
y(_)TA(T) = N Z ( 6TIA * pi) (T)

(3a)
Yora () = % é} (hS’T"A * p*) (v) (3b)
p () = (f—‘ [%] *p—)(w (3c)
pr) = (f“[%] * p+)<r>. (3d)

Finally, the OTA response, Yora(T), is expressed as the sum
of the predistorted codes for both bands:

N
Yora(r) = %Z (ha’T’A * ﬁf)(f) + (hgTIA * 13+) (v) = p(7).
i—1

(3e)

The ideal frequency response, as well as the frequency
responses with and without predistortion filtering, are shown
in Fig. 4(d) for the lower band and Fig. 4(f) for the upper
band.

C. Practical Considerations

In practice, we generate the ideal codes p~(tr) and p™(t)
at baseband by partitioning the full 12.4 GHz null-to-null
band into two adjacent 6.4 GHz null-to-null bands, centered
at —3.2 GHz and 3.2 GHz, respectively. The objective is to
match the two adjacent bands to the full band across the entire
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null-to-null bandwidth. This is achieved by producing ideal
codes at a 6.4 GHz chip rate, corresponding to the null-to-
null bandwidth (not the half-power bandwidth). Notably, the
spectra of the bands do not correspond to true PN codes;
instead, they represent the half spectrum of a PN code.
Furthermore, their half-power bandwidth is only 3.2 GHz,
effectively smearing the 6.4 GHz rate chips. This smearing
effect is evident in the impulse responses of the bands shown in
Fig. 4(c) and (e), where the peaks are significantly duller than
the impulse response of the full band in Fig. 4(a). Nevertheless,
after multiplexing the bands, the impulse response of the full
band aligns with that of an actual PN code.

To ensure that the basebands are centered at —3.2 GHz
and 3.2 GHz [Fig. 4(b)] remain adjacent after upconversion
to 141 GHz—resulting in carrier frequencies of 137.8 GHz
and 144.2 GHz [Fig. 4(h)]—special attention was given to
the IF and LO design. The condition IF + 6 x LO = 141
GHz (from Section II-A) was satisfied precisely for each band.
This required setting LO = 21.3 GHz and IF = 13.2 GHz for
the lower band, and LO = 21.9 GHz and IF = 9.6 GHz for
the upper band. In addition, to send the two band streams
of five concatenated codes at 6.4 GHz chip rate (2 x 5 X
2047/6.4 GHz = 3.2 us) in addition to the antenna switching
time (0.8 us), the LO switching time (0.005 us), and necessary
guard times in between to account for clock jitter (1 ps each),
we allocate 8 us per antenna for a total sweep time of 8 us x
64 = 512 ps. Finally, any phase offset between the band codes
must be compensated to ensure coherence across the full band.
We observed that this offset was random for our AWG but
remained fixed once the AWG was power up. Consequently,
the offset had to be recomputed after each power cycle.

IV. NEAR-FIELD SWITCHED BEAMFORMING

For sensing applications, the near field is bound by the
largest dimension among the target, the TX antenna aper-
ture, and the RX antenna aperture. In this article, the focus
application is finger recognition, and apropos, the width of the
target—the human finger—ranges from 1.6 cm to 2 cm, which
is slightly larger than the aperture lengths of the antenna arrays
(1.3 cm). If defined by the Rayleigh distance (2D?/A), where
D =2 cmand A = 0.21 cm at 141 GHz carrier frequency,
then the near field is bound by 38 cm. For our application,
the target will typically be 10 cm to 20 cm from the sensor
(the arrays in our case) [18], [19], so operation is indeed in
the near field.

In this section, we describe how we realize near-field
switched beamforming. First, we describe how we calibrate the
digital beamforming weights, then we discuss the sensitivity
of the weights to calibration.

A. Calibrated Digital Weights

As in analog beamforming, switched beamforming is imple-
mented by applying complex weights to the array antennas—
specifically to the antenna responses in postprocessing—
to synthesize beams. Unlike far-field beamforming, where
antenna weights are solely angle-dependent [62], near-field
beamforming requires weights that are both angle- and
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delay-dependent to accurately focus beams at close range.
In addition, the curvature of spherical wavefronts in the
near field introduces further complexity, demanding precise
weight calculations beyond the capabilities of the onboard
analog weights of the arrays. These challenges necessitate the
use of switched beamforming, which provides the required
precision by leveraging postprocessing techniques to achieve
high-resolution near-field imaging and measurement.

The ideal near-field beamforming weight for antenna i,
to steer the beam toward angle # and delay 7, is [63]:

J % ||t (cos 84 cos 6F sin 6% cos 6F, sin 6F ) — X Il

s@,)=w-e , @

where X' = (x', y', z) is the 3-D position of i antenna on
the array and c is the speed of light. The Kaiser taper window
w [64] was applied in (4) to suppress the beam sidelobes at the
expense of widening the main lobe. The Kaiser window was
chosen because it has a single tunable parameter 8 to balance
the two factors. A value of § = 2.4 was found empirically
to achieve a favorable balance, enhancing suppression of the
first lobe from 12.8 dB to 26.0 dB, while widening the azimuth
beamwidth from 13.0° to 16.3° and the elevation beamwidth
from 11.4° to 14.4°.

Section III-A describes a predistortion filter design for
switched beamforming that reduces mutual leakage between
the array antennas [48]. As part of the design to reduce
leakage, the phase state of the analog weights is set randomly
while to optimize the link budget their magnitude state is
set to its maximum value. In light of these preset analog
weights, the digital weights applied to the antenna responses
will not be the ideal weights in (4); rather, to realize these
ideal weights, they must be calibrated against the preset analog
weights. Furthermore, to realize the ideal weights, the effect
of predistortion filtering on the antenna responses must also
be calibrated into the digital weights. To account for both
factors in a single step, the OTA configuration in Section III-A
was employed since both factors are embedded in the OTA
response Y. (7). However, whereas in the past the digital
weight calibration was—as the predistortion filter still is—
applied only at a fixed angle [boresight, # = (0°, 0°)] and for
fixed distance d = 1 m [47], [48], in this work the procedure
was enhanced to account for the dependence of calibration on
angle and—in relation to near-field beamforming—on distance
(or the delay equivalent).

To account for angle dependence, the RX array was
mounted on a 3-D rotator: for fixed distance d, the array was
mechanically rotated to —@ on a 1° grid within the array FoV
and then electronically steered back into alignment with the
TX boresight by applying the ideal digital weights s'(0, T =
d/c). To account for delay dependence, the procedure above
was repeated on a distance grid. Then, for each combined
(angle, distance) grid point (87, 7/ = d//c) indexed through
j. the OTA response Jgr.(7) was recorded. Finally, the
calibrated digital weights §' (0, T) were computed as follows:

si(Oj, ‘L'j)

S(o,T):S(a,T)'W.

&)
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Fig. 5. Sensitivity of digital weights to calibration. Comparison of calibration at boresight only versus angle calibration when (a) scanning at § = (0°, 0°),

(b) scanning at # = (15°, 15°), and (c) scanning at § = (30°, 30°). Comparison of (d) calibration in the far-field on near-field data and (e) calibration in the

near field on far-field data.

To implement the computation in (5), the grid point 07,19
closest to (@, t) was first identified. Then, the ideal weight
s'(@, T) was calibrated by the ratio between the ideal weight
s'(87,7/) at the grid point and the recorded weight (§¢p, *
pf)(t7) at the correlation peak (at /) of the OTA response.
It follows that when the calibrated antenna response ' (t)
is beamformed through the calibrated weights §'(@, 1) to
generate the 3-D Radar image:

1< A
u®,7) = > 56,73 (),

i=1

(6)

it is analogous to beamforming the ideal antenna responses
through the ideal weights.

Fig. 5(a)—(c) shows the calibrated antenna patterns versus
the ideal antenna patterns of the boresight beam 6 = (0°, 0°),
together with two other illustrative beams at § = (15°, 15°) and
0 = (30°, 30°), for the near-field distance d = 15 cm. Thanks
to switched beamforming, the calibrated patterns follow the
ideal patterns very closely, in particular in the main lobe, with
a maximum of 2.7 dB deviation from the ideal across the
sidelobes of all three beams.

B. Calibration Sensitivity

Although Fig. 5(a)-(c) demonstrates that quasi-ideal beams
can be synthesized through switched beamforming with cali-
brated digital weights, calibration on such a dense angle grid
(every 1° within the array FoV) translates to 6873 grid points,
requiring about 90 h per distance. While the calibration is
fully automated through programmed mechanical rotation, the
amount of timing required is still formidable. As such, in this

section we investigate the sensitivity of the antenna pattern to
calibration. Specifically, we investigate the sensitivity to angle
and distance.

To highlight the dependence of calibration on an angle,
in addition to the ideal patterns and angle-calibrated patterns,
Fig. 5(a)-(c) also shows the patterns calibrated at boresight
only, as we did in the past: While the boresight calibrated
pattern of beam 6 = (15°, 15°) shows some degradation
in the sidelobes compared to the angle calibrated pattern,
degradation in the main lobe is minimal; however, degradation
in both the sidelobes and in the main lobe of beam 6 =
(30°, 30°) is significant. We conclude that angle calibration
is beneficial, especially at the extreme angles within the array
FoV.

To evaluate the dependence of calibration on distance,
we compare calibration in the near field (d = 15 cm) versus
calibration in the far-field (d = 1 m). Namely, Fig. 5(d)
compares the two calibrations for the boresight beam pattern
synthesized in the near field; the discrepancy between the two
is minimal, especially in the main lobe. Fig. 5(e) also compares
the two calibrations, however, for the boresight beam pattern
synthesized in the far-field; again, the discrepancy between the
two is minimal. We conclude that distance calibration is only
marginally beneficial.

V. CONTROLLED EXPERIMENTS

To validate the performance of the channel sounder, we con-
ducted a series of controlled experiments with two metal
cylinders having a 1.3 cm diameter, comparable to the width of
a human finger. The advantage of metal cylinders over actual
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(b)

Fig. 6. Controlled experiments with two metal cylinders. (a) Bird’s eye view of the monostatic setup. (b) Digital twin of target cylinders reconstructed from

the camera and Lidar.

fingers is that they generate an ideal specular reflection whose
angle and delay are known, hence serving as ground truth
for comparison against estimated values. A bird’s eye view
of the monostatic setup is shown in Fig. 6(a). The absorber
was attached to the front of the antenna units to minimize
any scattering from the sounder hardware into the channel.
Also displayed is the 3-D rectangular coordinate system X =
(x,y,2) and its origin, where the y-axis is perpendicular to
the ground plane. In the controlled experiments, cylinder 1 was
fixed at X = [2.5, 0, 15] cm while cylinder 2 was displaced
relatively; in Fig. 6(a), cylinder 2 is shown positioned at
X =[—-1.5,0,16] cm. Fig. 6(b) shows a digital twin of the
two target cylinders reconstructed from the camera and Lidar
systems; the digital twin here takes the form of a 3-D mesh
classified into three categories: cylinder 1, cylinder 2, and
other. The 3-D image u(X) for each experiment was generated
in rectangular coordinates by converting u(, t) in (6) from
spherical coordinates as follows:

u(X) =u(d, 1)
x = ¢t - sin 64 cos OF
y =ct - sinf” cos OF

z=ct -sin6F. )

In the first series of experiments, cylinder 2 was displaced
from cylinder 1 along the x axis only. The associated sequence
of images is displayed in Fig. 7(a)-(d). The two blobs in
each image correspond to the individual cylinders and the
peak power from cylinder 1’s blob is marked with a white X,
for reference. The initial displacement between the cylinder
centers was —3 cm and was then incremented by —2 cm,
—4 cm, and —6 cm. For the initial displacement in Fig. 7(a),
the system could not resolve the cylinders in the 2-D xy plane
(upper plot) as they were spaced only 1.7 cm apart from edge-
to-edge (considering their 1.3 cm diameter), and so appear as
a single blob; however, through careful inspection in the full
3-D xyz domain, the single blob was indeed resolvable in the
z-direction—the two blob centers are located at z = 13.7 cm
and at z = 15.5 cm, hence 1.8 cm apart—thanks to the carrier
multiplexed 6.4 GHz bandwidth that provides enhanced delay
resolution. Nevertheless, after the first increment of —2 cm
in Fig. 7(b), the cylinders were already clearly resolvable in

the xy plane as well, and evermore after the increments of
—4 and —6 cm in Fig. 7(c) and (d), respectively. As cylinder
2 was displaced along the x-axis, it actually moved farther and
farther from the RX than cylinder 1, hence appears weaker
and weaker. Some diffraction gratings between the edges of
the cylinders are also noticeable.

In the second series of experiments shown in
Fig. 7(e)-(h), cylinder 2 was again displaced from its
initial position; however, this time along the z-axis by
increments of +1 cm. The initial separation of 1.7 cm along
the z-axis in Fig. 7(e) widened notably after the first increment
of 1 cm, as is apparent in the xyz domain in Fig. 7(f), with
the separation increasing to 2 cm in Fig. 7(g) and then to
6 cm in Fig. 7(h), as expected. Notice that cylinder 1 starts
to eclipse cylinder 2 evermore in Fig. 7(g) and (h), also as
expected given their positioning with respect to the RX.

In the final series of experiments shown in Fig. 7(i) and (1),
cylinder 2 was tilted from its initial position in increments
of 5°, from tilted back at 10° to tilted forward at +5°. The
tilt changes the point of incidence on the cylinder, shifting
cylinder 2’s blob jointly along the +y and -+z-axes with
respect to cylinder 1’s blob, exactly as observed in the images.

The RF estimation error, defined as the distance between the
peak power in the 3-D image and the ground-truth location
of the cylinder (measured on-site as its center in the x-z
plane), is compiled in Table I for the 12 experiments (a)—(1)
per cylinder. Aside from experiments (a), (e), and (k), which
actually correspond to the same initial position of cylinder 2 in
the three series of displacements—for which the two cylinders
are not clearly resolvable and so only well-defined peak is
observed—the average estimation error across the other nine
experiments and both cylinders is just 0.5 cm. The largest
errors of these are for cylinder 2-1.5 cm and 2.5 cm in
experiments (j) and (1), respectively—in the final series of
displacements when the cylinder is tilted. In this series, the
ground-truth location is the point of incidence of the specular
reflection on the cylinder, calculated using geometrical optics
from the TX and RX locations with the cylinder’s location
and tilt. Consequently, some of the RF estimation error most
likely stems from uncertainties in the calculation.

Table I also includes the digital-twin estimation error,
defined as the distance between the least-squares regression
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Fig. 7.

Controlled experiments with two metal cylinders. (a)—(d) Series in which the cylinders are initially displaced by 3 cm along the x-axis only and
then incrementally displaced by an additional —2 cm, in the 2-D xy plane (upper plot) and in full 3-D xyz domain (lower plot) (e)—(h) Series in which the
cylinders are initially displaced by 4 cm in the x-axis only and then incrementally displaced by an additional +1 cm along the z-axis (i)—(1) Series in which
the cylinders are initially displaced by 4 cm in the axis and 1 cm in the z-axis, and cylinder 2 is incrementally tilted by +5° from —10° to 5°.
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TABLE I
CYLINDER LOCATION ESTIMATION ERROR

Error RF Digital Twin

(cm) Cylinder 1 Cylinder 2 Cylinder 1 Cylinder 2
(a) 3.1 0.4 1.9 0.7
(b) 0.7 0.2 2.2 1.0
(c) 0.0 0.0 0.6 2.3
(d) 0.0 0.0 1.9 0.7
(e) 3.1 0.4 1.9 0.7
) 0.5 0.6 1.7 0.6
(2 0.2 0.0 2.0 1.0
(h) 0.3 0.7 1.1 2.5
(i) 0.5 0.7 1.3 0.7
() 0.0 1.5 0.7 1.1
(k) 3.1 0.4 1.9 0.7
1)) 0.3 2.5 0.3 0.9

line fit to the cylinder’s 3-D mesh and the cylinder’s ground-
truth location. The average error across the nine experiments
and both cylinders is 1.3 cm, which is within the 2 cm
tolerance provided in the Lidar manufacturer specifications.
Finally, the Pearson correlation coefficient between the 24
RF estimation errors and the 24 digital-twin estimation errors
was computed as 0.31, indicating that the errors from the two
systems are uncorrelated.

VI. CONCLUSION AND FUTURE WORK

We have implemented a 141 GHz channel sounder for
JCAS applications. Thanks to electronic angle scanning by
virtue of phased-array antennas and correlation-based sound-
ing, a complete directional channel sweep can be completed
in just 512 us, for real-time measurement. And thanks
to switched beamforming instead of analog beamforming,
near-field beamforming—whose weights are both delay and
angle dependent and so requires phase precision beyond
the 4 bits available on the array boards—is implemented
through the effectively infinite precision of computer digital
weights applied in postprocessing to the antenna responses
switched on individually. Together with fine hardware calibra-
tion, controlled experiments on metal cylinders demonstrate
3-D imaging resolution on the order of 2 cm, all while
complementing the RF images with spatially and temporally
synchronized camera images and Lidar point clouds to gener-
ate real-time digital twins for Al-assisted channel modeling.

Of note, the carrier multiplexing technique proposed that
doubles the 3.2 GHz IF bandwidth of the boards to saturate the
6.4 GHz RF bandwidth will be particularly applicable to the
next edition of 141 GHz phased-array boards currently under
development, slated for 32 GHz RF bandwidth. For these,
we will be able to exploit a total of ten bands across 32 GHz?
instead of just two across 6.4 GHz, increasing the delay
resolution by a factor of five. The boards will also feature 16 x
16 dual-polarized antennas. Aside from dual polarization, the

2 Although it is pointed out in [65] that bandwidths at 141 GHz are not
expected to exceed 7.5 GHz, in channel sounding it is beneficial to implement
the widest bandwidth obtainable, for maximum application flexibility—the
resultant channel can always be downsampled to lower bandwidths but the
converse is not possible.
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angle resolution in azimuth and elevation will be doubled and
power quadrupled by virtue of the larger dimensions.
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