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Abstract—Sub-Terahertz (sub-THz) (i.e., 100-300 GHz) com-
munication is envisioned as one of the key components for future
beyond fifth-generation (B5G) communication systems due to its
large untapped bandwidth. Sub-THz channel measurements are
essential for building accurate and realistic sub-THz channel
models. Virtual antenna array (VAA) scheme has been widely
employed for radio channel sounding purposes in the literature.
However, its application for the W-band (i.e., 75-110 GHz) has
been rarely discussed due to system phase instability issues.
To tackle this problem, a long-range phase-compensated vector
network analyzer (VNA)-based channel sounder at the W-
band is proposed. First, the back-to-back measurement of the
developed channel sounder is carried out with the presence of
cable bending, where the initial phase variation beyond 180°
range due to cable effects can be well corrected to within 10°
range with the proposed phase-compensation scheme, clearly
validating its effectiveness. To examine how well it works in
practical deployment scenarios, the proposed channel sounder
is then employed for channel sounding with two measurement
distances, covering both near-field (with a line-of-sight (LoS)
distance of 7.3 m) and long-range (with a LoS distance of 84.5m)
cases. Based on the measured data, a high-resolution channel
parameter estimator is applied to extract the channel multipath
parameters for the large-scale VAA at the W-band, both in
the near-field and long-range scenarios, respectively. The high-
resolution algorithm was extended to support virtual arrays
composed of both omnidirectional antenna and directive antenna
in this work. The conventional directional scanning scheme
(DSS) measurement is adopted as the reference measurement
to validate the effectiveness and robustness of the developed
channel sounder. In the end, to demonstrate the state-of-art
channel sounding capabilities of the developed channel sounder,
ultra-wideband (UWB) channel measurements at 104.5 GHz
with 11 GHz bandwidth using the VAA scheme are conducted
in a hall scenario with the measurement range up to 58m
with omnidirectional antennas, and the channel parameters are
extracted using the validated high-resolution channel parameter
estimator for channel modeling purposes.

Index Terms—Channel sounding, sub-terahertz, virtual an-
tenna array, channel modeling, high-resolution multipath extrac-
tion algorithm.
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Ith the maturation and commercialization of fifth-
Wgeneration (5G) communications, research on next-
generation communications, i.e., Beyond 5G, has been gaining
momentum recently [1f], [2]. Sub-terahertz (sub-THz) frequen-
cies ranging from 100 to 300 GHz are expected to be a
key component for next-generation communication systems,
providing huge unregulated and untapped bandwidth [3[—
[S]. There has been a strong research focus on sub-THz
communications in recent years, with strong efforts taken
by the government, research institutes, standardization, and
industries [6]—[8]].

Channel modeling is crucial for system design and perfor-
mance evaluation for future communication systems. Accurate
channel modeling relies on high-fidelity channel data collected
by the experimental platform, i.e., the channel sounder, in
typical deployment scenarios. However, there are still many
issues with channel sounder design and measurements in
sub-THz frequencies. Vector network analyzer (VNA)-based
channel sounder is a popular channel sounder to measure
sub-THz channels, thanks to its unique advantages, e.g., easy
calibration, flexible carrier frequency and bandwidth settings,
and high system dynamic range [9]-[11]. The VNA is by
default a frequency domain channel sounder that houses a sig-
nal generator and analyzer internally, which makes phase and
frequency synchronization easy to implement [12]]. However,
the VNA needs coaxial cables to connect and remote the trans-
mitting and the receiving antennas to support measurements
over distance. However, the signal transmission over coaxial
cables suffers from large cable loss at higher frequencies,
especially at sub-THz frequencies, leading to a significantly
reduced dynamic range. The radio-over-fiber (RoF) technique
which up-converts the electrical signal to the optical signal and
then transmits it through the optical fiber, can greatly reduce
the cable loss (e.g. as low as 0.4dB/km with a high-quality
signal mode fiber, compared to 1.75dB/m at 15 GHz with a
typical coaxial cable [13]]), making it possible to support long-
range measurements.

Knowledge of channel spatial profile is of high impor-
tance, especially for millimeter-wave (mmWave) and sub-
THz radios where beam-tracking is essential to maintain
the communication link in dynamic scenarios. Directional
scanning scheme (DSS) is a popular method to obtain channel
spatial information at sub-THz bands due to its simplicity
and low-cost [27]-[29]. The basic idea is that a directive
antenna is placed and mechanically rotated in the center of
a turntable at the transmitter (Tx) and/or receiver (Rx), and



TABLE I: Recent studies on VAA channel measurements.

Reference | Year Frequency VAA type Scenario and Tx-Rx distance
[14] 2012 5.15-5.35 GHz 10 x 25 uniform rectangular array (URA) Outdoor, up to 300 m
[15] 2010 2-8 GHz Uniform circular array (UCA) with 97 elements Indoor building, up to 35 m
[16] 2018 1.89 & 2.35GHz 3-element uniform linear array (ULA) Viaduct and railway
[17] 2014 60-64 GHz 7 x 7 URA Conference room, within 6 m
18] 2015 57.68-59.68 GHz 25 X 25 X 25 cubic array Indoor office, 1.5m
[19] 2016 | 28 GHz with 500 MHz bandwidth UCA with 1600 elements Hall, 14 m
[20] 2020 26-30 GHz 21 x 21 URA Lab, 4-5.2m
[21] 2022 12-14 GHz 32 x 32 URA Meeting room, 7.2 m
[22] 2022 26.5-40 GHz 35 x 35 URA Industrial scenario & Meeting room
23] 2022 27.9-28.1 GHz 3D array with 37 elements Anechoic chamber
[24] 2020 26.5-30 GHz 30 x 30 URA Hall, 46 m
[125]) 2022 28-30 GHz UCA with 240 elements Corridor, 11.4-33.4m
[26] 2022 99-101 GHz UCA with 360 elements Corridor, 20 m

channel impulse response (CIR) for each rotated direction
is recorded. However, the spatial resolution is limited by
the directivity of the employed antennas. Another widely
applied channel sounding scheme is based on virtual antenna
arrays (VAAs), where a single antenna is moved to multiple
spatial locations, and the CIR at each spatial location (i.e.
virtual array antenna element) is sequentially recorded [30]],
[31]. By using the appropriate array processing algorithm,
e.g., beamforming and maximum likelihood estimation al-
gorithms, the VAA can achieve a high spatial resolution. A
list of representative VAA works in the state-of-art works
in recent years is summarized in Table [ VAA scheme has
been widely adopted in the channel measurements at sub-
6 GHz bands, with various measurement distances thanks to
the high phase accuracy and the low signal loss in the radio
frequency (RF) coaxial cables [[14]-[16]. Moving to mmWave
bands, the VNA-based channel measurement suffers from
high propagation loss in the channel and high attenuation in
the coaxial cables, limiting the measurement mainly in the
short-range scenarios, e.g. office and meeting room [|17]]—[22].
The performance of the VAA-based channel sounder highly
relies on stable and accurate phase measurements, which is
much more challenging in mmWave and sub-THz bands. It
was explained in [8[, [26] that the phase is unstable and
sensitive to RF and mechanical stability of the system both
in the conventional VNA-based channel sounder and RoF-
enabled channel sounder at sub-THz. The phase-compensation
scheme proposed in [[13]] can effectively mitigate the unstable
phase problem in the channel sounder. The feasibility of the
phase-compensation scheme for phase-coherent measurements
at 220-330 GHz frequency bands was demonstrated in the
back-to-back measurements in [13]]. However, no real channel
measurements were reported. In our previous magazine [26],
we introduced the concept of the phase-compensated VNA-
based channel sounder for sub-6GHz, mmWave, and sub-
THz bands, however, technical details were not provided.
Additionally, only the classical beamforming algorithm was
used in [26], which restricts its application to narrowband
far-field scenarios. Therefore, VAA channel sounder design,
implementation, and experimental validation at the W-band
are currently lacking in the literature, to the best knowledge of
the authors. Furthermore, the development of a generic high-
resolution multipath extraction algorithm for W-band channel
measurements has not been reported, mainly due to the lack

of an accurate phase-coherent experimental platform.

In this paper, we aim to fill this knowledge gap by propos-
ing a phase-compensated RoF-enabled VNA-based channel
sounder at the W-band, i.e., 75-110 GHz. The phase issue
in the channel sounding system at sub-THz bands is first
described and measured in the back-to-back connection. The
simulated beamforming results without phase compensation
are evaluated and compared with the reference results based
on the empirical phase changes. After the evaluation of the
phase change impact, a phase-compensated VNA-based chan-
nel sounder is proposed at W-bands and validated in the back-
to-back connection. Besides, the VAA-based channel measure-
ment campaign is conducted in a hall scenario at 100 GHz with
two distances, i.e., near-field (7.3 m) and long-range (84.5m).
A high-resolution channel parameter estimator, i.e., frequency-
invariant beamforming (FIBF) with successive interference
cancellation (SIC) is employed to extract the parameters of
the paths. The FIBF algorithm is also generalized for a
UCA composed of any type of antenna element, for instance,
the omnidirectional antenna (which has been reported in the
literature) and directive antenna (proposed in this work). The
estimation results obtained with both omnidirectional antenna-
based VAA (Omni-VAA) and Dir-VAA are then validated by
comparing the multi-path parameters with the reference DSS
results. Readers can refer to [26]] for detailed descriptions of
the channel spatial profile measurement method, i.e., Omni-
VAA, Dir-VAA, and DSS. Furthermore, to demonstrate the
capability of the developed channel sounder, channel mea-
surements covering near-field, long-range, and ultra-wideband
scenarios were performed, and the channel characteristics in a
hall scenario for the Tx-Rx distance varying within the range
of [3,58] m are calculated and analyzed.

The main contributions of this paper are summarized as
follows:

o The phase issues of the conventional VNA-based channel
sounder using the RoF scheme is investigated. The impact
of the phase instability issue of the channel sounder is
then evaluated in a simulation.

o The phase-compensated VNA-based channel sounder at
75-110GHz is designed and validated in the back-to-
back connection. Thanks to the accurate complex signal
measurement (i.e. both amplitude and phase) at each
array element (i.e. spatial location) of the VAA channel
measurement at the W-band, a high-resolution channel
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Fig. 1: Block diagram of the proposed phase-compensated VNA-based channel sounder at 100 GHz.

parameter estimator is enabled to extract the multipath
parameters from the VAA channel measurements at the
W-band, which has not been achieved in the state-of-the-
art.

The FIBF with the SIC algorithm was implemented
for omnidirectional antennas in our previous work at
mmWave bands. However, due to their low antenna gain,
omnidirectional antennas are getting less popular as the
frequency goes up. We generalize the FIBF algorithm to
support both Omni-VAA, i.e. virtual array composed of
omnidirectional elements, and Dir-VAA, i.e. composed of
directive elements, and then validate the algorithm using
the measurement results.

Long-range VAA channel sounder in the W-band, enabled
by the RoF and phase-compensation scheme is presented
and validated, by comparing with the DSS measurement
at W-bands with two measurement distances, i.e., near-
field (with a line-of-sight (LoS) distance of 7.3 m) and
far-field (with an LoS distance of 84.5m).
Ultra-wideband (UWB) omnidirectional VAA measure-
ments at 99-110 GHz with 11 GHz bandwidth were per-
formed at the Tx-Rx distances of 3-58 m. The channel
parameters are analyzed using the high-resolution chan-
nel parameter estimator, and the channel characteristics,
including path loss, delay spread, angular spread, and k-
factor, are given.

The rest of this paper is organized as follows: Section[II out-
lines the principle and the architecture of the proposed phase-
compensation scheme. The high-resolution channel parameter
estimator is described in Section[lll Section[[V] contains the
back-to-back validation measurements and the analysis of the
results. Section|[V] presents the over-the-air channel measure-
ment validations at W-bands. Finally, concluding remarks are
presented in Section

II. PROPOSED CHANNEL SOUNDER ARCHITECTURE
A. Sounder Architecture

Fig.[T] depicts the proposed long-range phase-compensated
VNA-based channel sounder at the W-band. The VNA is
set to transmit the input signal in the frequency range of
12.50-18.33 GHz from port1 and the local oscillator (LO)
signal in the frequency range of 12.49-18.32 GHz from port 3,

respectively. The input signal is up-converted to the frequency
range of 75-110 GHz and transmitted through the Tx antenna.
The LO signal is split by a splitter and multiplied by a factor
of N1,0 = 6 for down-converting the RF signal to the IF signal
at 7.44 MHz. The down-converted IF signals at the Tx and Rx
sides are then recorded in port A and port B, respectively.

The RoF scheme and phase-compensation scheme are ap-
plied in the LO cable at the Rx side to extend the Rx for
long-range measurement purposes, and to stabilize the phase
change during the measurements, as shown in Fig.[T] At sub-
6 GHz and mmWave bands, the phase compensation scheme
can be directly employed to RF cable [24]], [32]. However, due
to the lack of such cost-effective electrical-to-optical (E/O) and
optical-to-electrical (O/E) units at sub-THz bands, we cannot
directly apply the phase-compensation scheme to the sub-THz
channel sounder. Instead, thanks to the introduction of the
frequency extenders, the phase-compensation scheme can be
applied in the LO cable at the Rx side. The principle of the
phase compensation scheme is that the optical circulators and
splitter are used to construct a feedback link to record the
phase change of the signal. Note that the phase change is
mainly caused by the thermal change and mechanical stress
in the fibers, which change the physical structure or properties
of the fibers [33]], [34]. The recorded feedback signal suffers
twice the same phase change due to the mechanical stress and
thermal change through the bidirectional fiber.

B. Principle of the Phase Compensation Concept

As depicted in Fig.[T] the forward link and feedback link are
recorded in the VNA as the S-parameter Spa (f1) and Scs(f2),
respectively, where we have fy = [7.44,7.44,...,7.44] MHz
with Ny frequency points, and fo = [12.49,...,18.32] GHz
with the same number of frequency points N;. In over-the-air
channel measurements with antennas, the recorded Sga (f1)
can be expressed as:

Spa(f1) = Hsys(f1) - H(f1), )

where Hgy(f1) represents the system response including the
mechanical stress and thermal change of the optical fiber cable,
and H(f;) is the channel frequency response (CFR) including
both the Tx and Rx antenna responses.



The frequency response in the feedback link Hyy, (f2), which
records the error response of the optical fiber, is encoded in
Scs(f2) as follows:

Hpy(f2) = Sos(f2) = acs(f2) exp(jdes(f2)), (2)

where s (f2) and ¢os(f2) are the amplitude and phase of
Scs(f2), respectively.

As explained in [[13]], [24], the signal experiences phase drift
twice in the feedback link compared to the LO signal. Thus,
the amplitude response a.o3(f2) and phase response ¢po0s(f2)
from the LO signal input port to Port 3 can be calculated as:

aos(f2) = Vacs(f2) = v/|Scs(f2)], 3)
f.
Pros(fz) = —‘Z’Cf‘; 2), )

where we assume that the amplifier in the LO cable side
and the Rx extender are stable during the measurements.
Thus, after passing through the 6x multiplier and mixer,
the amplitude ayys(f1) and phase @gys(f1) of the error term
Hgys(f1) can be written as:

Hgys(f1) = V/[Sca(f2)] - exp(j - 3 - des(f2)). (&)

As a result, we can remove the system response Hsys(fl),
which includes the undesired cable effects, from the recorded
Spa(f1) and obtain H(fy):

Spa(f1)
Hir) - g
_ Spa(f1) _ ©)
VSes(f2)] exp(j - 3 - des(fz))
After performing the above compensation procedure, the phase

errors introduced by the cable bending and thermal change of
the optical fiber cable can be well calibrated.

III. HIGH RESOLUTION PARAMETER ESTIMATOR
A. Channel Parameter Estimator

The FIBF algorithm [35] is employed in this work to obtain
the spatial channel profiles. It is a generic algorithm, which is
demonstrated to work for small/large-scale and far/near-field
UCA-based channel measurements in mmWave frequency
bands. However, its application at sub-THz has not been
reported in the literature due to the lack of available VAA
measurement data in sub-THz bands. To compensate for the
high path loss at mmWave and sub-THz bands, it is beneficial
to employ high-gain directive antennas for increasing the
dynamic range. Thus, in this study, we further generalize the
FIBF algorithm to work for UCAs with any type of antenna
element. The algorithm becomes applicable for a wider range
of propagation scenarios, including both far-field and near-
field, as well as both wideband and narrowband scenarios,
regardingless of using omni-VAA or Dir-VAA configurations.

Assuming that the number of array elements and the number
of paths are K and L, respectively. The radius of the UCA
is r and the angular position of the k-th element is ; =
27(k — 1)/ K. The ¢-th path parameter set is denoted as:

O¢ = lay, 14, Pul, @)

where oy, 74, and ¢, represent the amplitude, delay, azimuth
angle of the /-th path, respectively. Note that other path
parameters, e.g. elevation angle 6, and distance d, between
the scatterer to the array center can be further estimated using
maximum likelihood algorithms once we have obtained the
key channel parameters in (7).

The CFR at the k-th antenna element of the UCA is:

L
k(f) = avexp(—j2mfr) - an(f, de), ®)

=1
where ay(f, ¢¢) is the array manifold coefficient of the kth
array element of the /th path as:

(f7 ¢€)

di,e and D(f, ¢y — i) denote the distance from the ¢-th scat-
terer to the k-th UCA element and the complex antenna pattern
of the antenna element (the pattern can be omnidirectional or
directive), respectively. Ady, ¢ presents the difference between
d, and dj, ¢, which is written as:

Adpy=d;—

% exp(—j2n fAdy/c) - P(f, de — ¢r). (9)

dis, (10)

with
die = \/d% + 72 — 2rdysin(fy)cos(de — @r). (11

In the near-field case, we cannot directly use the classical
beamforming algorithm based on the plane wave assumption
[361, [37], due to the model mismatch error introduced in the
near-field case. Thus, in this work, we use the FIBF algorithm
for channel parameter estimation.

In the FIBF algorithm, we first transform the frequency
response from the element domain (spatial domain) to the
phase mode domain:

G (f) - Hi (f) - ™"

e J2mfTe

am(f; ¢e), 12)

where H,, (f) and G,,(f) denote the m-th mode response
of the array in the phase mode domain and the compensation

filter, respectively. The array manifold term in phase mode
domain a,, (f, dg,cz)g) is:

am (f, ) = ZG cexp (jmer) - ar(f, ¢e).  (13)
The compensation filter G,,,(f) can be written as [35]:
2
Gm(f) = (14)

™ (Im (27 fr/e) + Ty, (27 fr/c))’
where J,,,(+) is the Bessel function of the first kind with order
m, and (-) represents the differential operator.

Thus, the FIBF’s beam pattern with array pattern de-
embedded is obtained as follows:

1 & ~
D b (—jmo) - Hi,

( ) m=—M

B(f,¢) =

(f), a3



where exp (—jme) /T(f) represents the steering weight of
the m-th phase mode, and T'(f) is calculated as:

M K
T(f)= > > ak(f,0°)-exp(jmpp) - Gum(f), (16)
m=—M k=1
where a(f,0°) is the UCA far-field manifold for the 0°
direction, which can be expressed as:

ai(f,0°) =explj2nf-r/c-cos(0° — @p)] - ®(f, ¢r). (17)

Note that T'(f) in (16) is a generic equation to calculate
the normalization coefficient for the UCA gain de-embedding,
namely, applicable for both omnidirectional-element-based
UCAs and directive-element-based UCAs. After performing
inverse discrete Fourier transform (IDFT) to the beam pattern,
then we can obtain the power angle delay profile (PADP)
b(T, ).

The beam pattern obtained with the FIBF algorithm has
a strong sidelobe for the Omni-VAA [35], which might be
mistakenly detected as a path (i.e., fake path) and thereby
degrade the channel estimation performance. To eliminate
the sidelobe effect, the successive cancellation procedure is
adopted, which is detailed in [35]] and thereby is only outlined
below: we first set the signal threshold value § with respect
to the LoS power in decibels. Assuming that we have L paths
above the signal threshold, we will have L loops to extract
the path parameters and eliminate the sidelobe effect of each
path. For the ¢-th loop to extract the parameter of the /-th path,
we perform FIBF to the former frequency response H,ffl N
and obtain the PADP b‘~!(7,¢) using IDFT. Then we find
the peak amplitude and location of ¢-th path in the obtained
PADP b(T, ¢) as:

ay = max b Y(r, ), (18)

(?g, (Zg) = argrr:%x be_l(T, ?). (19)

Thus, we can synthesize the frequency response of the k-th
array element corresponding to the ¢-th path as:

H{ (f) =@ exp (—j2m f72)
j2rfrcos (60— o)

c

- exp (20)

The synthetic CIR h' (1) can be obtained by performing the
IDFT to H' (f). where h'(r) = [{(7);...; R (7)] and
H’ (f) = [H{ (7);...; H (7)].

We can remove the /-th path using the following equation:
h(r) =h""(r) O s(7), @1

where ® denotes the element-wise multiplication, h’(7) =
[R{ (7);...;h% (7)] is the residual of the CIRs of UCA
elements. The label vector s(7) = [s1 (7);...; sk (7)] is used
to remove the contribution of the /-th path in CIRs, where
s (1) for k-th element can be written as:

_= e .. 10-8/20
o (7) = { 0,7 =7,and |hy, (1) | > @y - 10

22
1, otherwise (22)

20F

Magnitude (dB)

40t

---- Omnidirectional
— Corrugated horn(HPBW: 540)

8oL | Standard gain hom(HPBW: 167) |
-150 -100 -50 0 50 100 150
Angle (deg)
(@)
40 ;
" ) ‘.“\ :
330 r:::ll‘”””,‘,“‘. N 3
E |: o, 1} : h
Il
S20! e
S ety
E ‘:I :': Il'\ln':
H i o N
roft il 1 H
= "\,‘:\‘.‘ ,,if - - -- Omnidirectional ;‘\‘:,"
o if:’ —Corrugated horn(HPBW: 54°) ;'i |
I Standard gain horn(HPBW: 167 |
-100 -50 0 50 100
Phase mode index
(b)
0
o i
= 0| .'
k) T e A il PR IAAIN
2 R | Mo
= !
(@)
©
€
©
(0]
N
©
E .
2 — Corrugated horn(HPBW: 54 )
100" Standard gain horn(HPBW: 160)
0 100 200 300
Angle (deg)
©

Fig. 2: Comparison of the array manifold in the phase mode
domain for the UCAs composed of elements with different
directivity. (a) The element patterns; (b) The array manifolds
in the phase mode domain. (c) The array beam patterns.



Fig. 3: Photo of the back-to-back measurements using the
turntable to mimic the mechanical bending of the fiber.

h*(7) is then transformed back to frequency domain as H’(f)
for the process in the next loop.

B. Numerical Simulation

A simulation is performed to show the FIBF for a UCA
composed of different antennas. The antennas used in the
simulation are an omnidirectional antenna with 0dBi gain, a
corrugated horn antenna with a gain of 9.5dBi and a half-
power beamwidth (HPBW) of 54°, and a standard gain horn
antenna with a gain of 20.5dBi and 16° HPBW. The compari-
son of these three antennas using the extended FIBF algorithm
is shown in Fig.[2] It shows that a UCA composed of more
directional elements shown in Fig.[2](a) will lead to a narrower
window in the phase mode as shown in Fig.|2|(b). The window
will introduce an amplitude tapering effect in the phase domain
when performing the extended FIBF. Similar to the amplitude
tapering effect in the spatial domain, sidelobe suppression, and
main beam broadening will be introduced to the array beam
pattern as demonstrated by Fig.[2](c). Due to the windowing
effect in the phase mode domain, we can simply select the
phase modes with dominant magnitudes as shown in Fig.[2|(b),
resulting in a limited number of phase modes. Hence, for
a UCA composed of more directional elements, a smaller
mode number can be selected due to the fewer dominant
phase modes. The numerical results have demonstrated that
our generalized FIBF algorithm works for UCA composed of
both omnidirectional and directive antennas.

IV. BACK-TO-BACK VALIDATION
A. Back-to-Back Measurement Validation

The phase instability issue in the VNA-based channel
sounder is a key bottleneck for the VAA scheme at the sub-
THz band, especially when the RoF scheme is employed.
In this section, a back-to-back measurement of the phase-
compensated channel sounder is first presented, where the
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Fig. 4: Phase performance of the phase-compensated channel
sounder in back-to-back connection. (a) Forward link. (b)
Compensated phase.

phase instability and its impact on the VAA scheme are
demonstrated. A photo of the back-to-back measurements is
shown in Fig.[}] Note that the forward link of this channel
sounder is similar to the RoF structure in the conventional
RoF-enabled VNA-based channel sounders [27], [28], [38]-
[41]. The VNA is configured to sweep the frequency range
of 75-110 GHz with 1001 frequency points and 500 Hz inter-
mediate frequency (IF) bandwidth. The Tx and Rx antennas
are removed, and the Tx and Rx frequency extenders are
attached face-to-face in back-to-back measurements. The fiber
is mounted on the turntable to mimic the bending of the
fiber during the channel measurement using the VAA or
DSS scheme. The turntable is set to rotate in an azimuth
range of [0°,359.5°] with a step of 0.5°, corresponding to
720 virtual array element locations/rotations. The back-to-
back measurement took 2 hours, which is close to the actual
channel measurements. Before the measurements, a calibration
procedure, which performs the normalization procedure in the
VNA to set the system response to be 1 for all swept frequency
points, is performed for the forward and feedback links. Thus,
we can directly measure the amplitude and phase change in
the channel sounding system.



TABLE II: The measurement configuration.

Meas. Near-field Long-range UWB
type Omni-VAA | Dir-VAA [ DSS Omni-VAA | DSS Omni-VAA
VNA settings
Frequency range (GHz) 99-101 99-110
Bandwidth (GHz) 2 11
Frequency point 1001 7701
IFBW (Hz) 500
Transmitted power (dBm) 10
Antenna settings
Tx antenna type Omnidirectional
Tx antenna gain (dBi) 4.5
Rx antenna type Omnidirectional SGH Omnidirectional | SGH | Omnidirectional
Rx antenna gain (dBi) 4.5 20 4.5 20 4.5
Rx antenna HPBW (deg) 360 16 360 16 360
Virtual UCA settings
Radius of the UCA (cm) 6.7 [ 0 ] 6.7 [0 ] 6.7
Rotation step (deg) 1
Number of elements 360
Scenario settings
Antenna height (m) 1.3 2.1 1.3
Tx-Rx distance (m) 7.3 84.5 3-58
magnitude of 0dB and an angle-of-arrival (AoA) of —120° is
set. A 720-element UCA with a radius of 5 cm is simulated, to
be consistent with the measurement settings as detailed later.
The CFR H; of the i-th array element at the carrier frequency
of f. =100GHz is:
0 i
i @ .
-107 %NWA;"I;;HI . ¢7“_; .
201 -120 110 -100 90 H=o- €xp .]27ch c exp (]AQOZ) ’ (23)
)
kS |
g 1 where «, ¢, 7;, and A¢g; represent the amplitude, the direction
o | vector of the AoA of the path, the direction vector of the ¢-
o ] .
! th array element, and the measured phase introduced by the
Reference [ fiber in i-th element at the carrier frequency f. = 100 GHz,
-60 |----- Beamforming before compensation . . . .
. . i respectively. The speed of light is denoted as c. Applying
— — -~Beamforming after compensation X . 4
-70 : ‘ ‘ the classic beamforming algorithm [31]], [36] to the element
-180 -90 0 90 180 CFRs with and without phases errors, we can obtain the
AoA (deg)

Fig. 5: The comparison of the simulated PAS using the phase
before and after the compensation, and the reference PAS.

The phase measurements of the channel sounder of the
specified rotations selected from the 720 rotations are de-
picted in Fig.[(a). The phase change caused by the cable
bending during the rotation varies from —121.6° to 60.9°.
The feedback response is also measured in the back-to-back
measurements, and the compensated phase can be calculated in
the post-processing, according to (6). The phase variation after
compensation is bounded within +5°, as observed in Fig.@](b),
which demonstrates the effectiveness of the proposed phase
compensation scheme.

B. Phase instability on the VAA performance

To demonstrate the impact of the phase instability on the
VAA performance, we perform a simulation based on the
measured phase values at 100 GHz, where a single path with a

corresponding power-angle-spectra (PAS) as plotted in Fig.[5]
which is a simple and straightforward way to show the
impact of the phase change on the channel spatial parameter
estimation. It can be observed that peaks of both PASs are
located in the preset direction. Though the phase errors do
not introduce severe distortion to the beam pattern, they result
in a beam peak drop, i.e. 3.1dB, compared to the reference
one, i.e., without phase errors. Similarly, the phase error
introduced by the cable effects during the measurements will
introduce destructive summation, leading to power loss of
the formed beam as well. Note that classical beamforming
is the most robust algorithm for phase error. The channel
parameter estimations using high-resolution algorithms are
typically more susceptible to phase errors. We also perform the
same beamforming simulation using the compensated phase,
as shown in Fig.[5] where a good agreement with the reference
result can be observed.

Compared with the back-to-back measurements, even larger
phase errors will present in real over-the-air channel measure-
ment data, due to following reasons:
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Fig. 6: Measurement scenario of the VAA at 100 GHz. (a) Near-field and UWB validation. (b) Long-range validation.

Fig. 7: Photo of the measurement scenario in the near-field

case (i.e., Tx-Rx 1.1).

The positioning errors of VAA elements: In a practical
VAA channel sounder, the installment of the antenna, the
rotation accuracy, and the stability of the turntable will
introduce location errors of VAA elements. For sub-THz
frequency bands, the phase will be extremely sensitive
to even small positioning errors. For instance, a 1 mm
positioning error results in a 120° phase error at 100 GHz.
Temperature: The VAA measurements often take several
hours. The temperature might vary significantly during
the measurements, which will introduce large errors.
Signal condition: In our back-to-back measurements,
the signal-to-noise ratio is good, which is too ideal in
practice. In over-the-air channel measurements, the signal
condition will be much worse, given the signal transmis-
sion loss, especially for long-range measurements.



V. OVER-THE-AIR CHANNEL MEASUREMENT
VALIDATION

In this section, several over-the-air channel measurements
are performed to validate the proposed channel sounder as well
as the generalized high-resolution channel parameter estimator.

A. Near-field Validation

In this subsection, the Omni-VAA-based channel measure-
ments are conducted to validate our proposed channel sounder
and algorithm at sub-THz bands in the near-field case. Note
that the Fraunhofer distance of the VAA to distinguish the
near- or far-field is

diar = 2D?/ )\, (24)

where D = 2R denotes the array aperture of the VAA, and
A is the wavelength at the carrier frequency. As stated in
Table[lll the radius of the VAA R is set to 6.7cm, which
makes the Fraunhofer distance (i.e., far-field distance) for the
VAA 12.1m.

1) Measurement Scenario: The measurement scenario for
the near-field case is illustrated in Fig.@(a), which contains
a spacious hall and a long corridor. The real photo of the
scenario is shown in Fig[]] The size of the scenario is
62.2 x 42m?. One side of the corridor has a window with
a metallic structure, while on the other side stand seven
stone pillars. In the near-field case (i.e., Tx-Rx1.1), the Tx-Rx
distance is set to be 7.3m. which is much smaller than the
far-field distance. The VNA is set to sweep in the frequency
range of 99-101 GHz with 1001 frequency points, and the IF
bandwidth (IFBW) of 500 Hz. The delay resolution is 0.5 ns
(corresponds to the distance resolution of 0.15m) and the
maximum detectable distance is 150 m. An omnidirectional
antenna with a gain of 4.5dBi [42] is employed as the Tx
and Rx antennas to validate the Omni-VAA. Both the Tx and
Rx are installed 1.25m above the floor. The turntable is set
to rotate in the horizontal plane within a range of [0°,359°]
with a step of 1° to form a virtual UCA with a radius of
R = 6.7 cm. In addition, DSS-based measurements conducted
in the same Tx and Rx locations are taken as references. In the
DSS reference measurements, we install a standard gain horn
(SGH) antenna with an antenna gain of 20 dBi and an HPBW
of 16° [43]] at the center of the turntable as the Rx antenna,
while keeping the Tx antenna unchanged. Note that before
the measurements, we remove the antennas and connect the
Tx and Rx waveguides for the back-to-back calibration, i.e.,
performing the normalization procedure to calibrate the system
response. The measurement configurations for the near-field
measurements are demonstrated in Table[ll

2) Measurement Results: a) DSS result. Fig(a) depicts
the PADP result with the DSS in the near-field case. We can
identify 10 distinct paths from the PADP. It is obvious that
the antenna pattern is embedded in the DSS results, though
the paths can be clearly detected in the joint angle and delay
domain.

b) Omni-VAA result. Fig.(b) and (c) illustrate the recorded
CIR with Omni-VAA and the PADP result with Omni-VAA us-
ing the FIBF, respectively. We can also find 10 paths from the
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Fig. 8: The measurement results in the near-field case. (a)
PADP with the DSS. (b) Recorded CIR with Omni-VAA over
array elements. (c) PADP with Omni-VAA with the FIBF
method.

recorded CIR. However, with the use of the omnidirectional
antenna at the Rx, the dynamic range is found to be lower
compared to the PADP with the DSS, as seen in Fig.[§|(b).
After the FIBF, a high angular resolution can be observed,
though strong sidelobes can be observed, as expected. The LoS
path with an AoA of —33° and a delay of 24 ns (corresponding
to the LoS propagation distance of 7.2m) is estimated in the
Tx-Rx 1 case, which matches the distance between the Tx and
Rx. According to Friis free-space path loss (FSPL) equation
at 100 GHz, we have

drf.d
FSPL = 20 * logy (7TfC> :
C

where d represents the link distance between the Tx and
Rx. The estimated power of the LoS path is —90.5dB,
which is close to the FSPL (89.7dB) calculated in (23) for
dios = 7.3m. Furthermore, we can observe that the signal-
to-noise ratio (SNR) improvement of the PADP after the
FIBF compared to the raw CIR (shown in Fig.@](b) and

(25)
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Fig. 9: The exemplary PASs with and without phase compen-
sation after beamforming in comparison with DSS results at
the LoS delay (71,5 = 24 ns) in the near-field case.

Fig.[f|(c)) is 20.5dB. The theoretical value for the array gain
is 10log;((K) = 25.6 dB. The measured array gain is lower
than the theoretical one due to measurement non-idealities in
the measurement systems, e.g., the correlation between the
noise between different elements, near-field propagation, and
phase center of the employed horn antenna, etc.

c) LoS path result. To investigate the effectiveness of the
phase compensation scheme, the power-angle spectra (PASs)
of the LoS path without and with the proposed phase-
compensation scheme are extracted by the time-gating tech-
nique for a closer look, which is a widely used technique
in antenna measurement to filter out multipath components
in the measurements. The basic idea is to convert the CFR
after the FIBF to CIR using inverse Fourier transform, and
then extract the LoS path by a window that filters out delayed
multipath components. The resulting PASs are compared with
the reference DSS result in Fig.0] The power of the LoS
path after beamforming with phase compensation matches that
using the DSS scheme. Besides, comparing the beamforming
results with and without phase compensation, the phase errors
cause 3.0dB power drop in the peak, which is consistent
with our simulation results presented in Section with the
synthetic data.

d) Result using the FIBF with the SIC. The FIBF with
the SIC procedure is applied to the measured data, where
a signal threshold is set to be 10dB higher than the noise
floor. Note that in the following subsection (i.e., long-range
and UWB channel validation), the signal thresholds are the
same as that in this near-field case. Fig.[I0](a) depicts the
estimation results using the FIBF with the SIC. In the near-
field case, 10 dominant paths can be detected. The paths
are mainly concentrated in the AoA range of [—90°,0°].
Fig.[I0|(b) illustrates the paths trajectory. Path 2, 3, 6, and
9 are observed to be the reflections from the pillars. Paths 5
and 10 are the reflections from the elevator. Path 7 is seen to
be the reflection from the back wall of the Rx, while paths 4
and 8 are the first-order and second-order reflections from the
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Fig. 10: The estimated results in the near-field case (i.e., Tx-
Rx1.1). (a) Estimated path results. (b) The relation of the
detected MPC trajectory to the room geometry. (c) Synthesized
CIR using estimated results.

metallic trash box, respectively. The propagation distance and
angle of the estimated paths match the geometry of the hall.
We also compared the estimation results in Fig.[I0](a) with
the DSS results in Fig.(a). The estimation results are found
to be well-matched compared to the DSS results. Fig.[10](c)
illustrates the synthesized CIR on the virtual UCA elements
using the estimated paths. Compared with the recorded CIR
on the virtual UCA elements in Fig.[8](b), we can observe that
most specular paths can be accurately detected.

B. Dir-VAA Validation

In the former near-field subsection, Omni-VAA and DSS
measurements are conducted to validate the near-field case.
In this subsection, Dir-VAA-based channel measurements are
performed in the near-field case (i.e., Tx-Rx1.1) with the
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Fig. 11: The PADP results with Dir-VAA after the FIBF.

same Tx-Rx deployment and measurement configurations.
Comparing the DSS with Dir-VAA, the measurement system
and antenna configurations are the same, the only difference
is that the employed directive antenna is centered for the
DSS, while off-set with a preset radius for the Dir-VAA of
6.7 cm on the turntable. Comparing the Dir-VAA with Omni-
VAA, the only difference is the employed antenna, i.e., the
omnidirectional antenna is used as the array element in the
Omni-VAA, while the directive antenna is used as the array
element in Dir-VAA.

Fig.[IT] illustrates the PADP with the Dir-VAA after the
FIBE. The LoS power after the FIBF is observed to be
—90.9dB, which is close to the FSPL value. Compared with
the DSS PADP in Fig.[8|(c), the distribution of the MPCs
is seen to be well-matched. Besides, the angular resolution
is significantly improved by the FIBF algorithm (the main
beamwidths of the PADP with Dir-VAA after the FIBF and
with the DSS are 3° and 16°, respectively). The SNR improve-
ment of the Dir-VAA is 15.0 dB, which is less than that of the
Omni-VAA. This phenomenon is reasonable since we use less
effective array elements in Dir-VAA compared to Omni-VAA.

The Dir-VAA has a high element gain (20 dBi at 100 GHz
in our work) compared to that in the Omni-VAA (4.5dBi
at 100GHz in our work), which can improve the dynamic
range of the channel sounder to support the long-range channel
measurements. However, it has a low array gain after beam-
forming (i.e., 15.0dB), compared to 20.5dB array gain in
the Omni-VAA in the near-field case, since only the effective
array elements are involved. Comparing the Dir-VAA result
with the DSS result, a better angular resolution is obtained
using the Dir-VAA. However, phase-coherent measurements
are required for the Dir-VAA.

C. Long-range Validation

In this subsection, channel measurements are performed to
demonstrate that our sounder can support long-range channel
measurement. Note that the state-of-the-art long-range mea-
surements generally use directive antennas to improve the
system dynamic range, e.g., [27], [28]. In our work, the
omnidirectional antennas are intentionally employed for the
long-range case to demonstrate the capability of our developed
channel sounder.

1) Measurement Scenario: The long-range validation mea-
surements are conducted on the ground floor of Aalborg Uni-
versity (AAU) Innovation Building, as illustrated in Fig.|§|(b).

Fig. 12: Photo of the measurement scenario in the long-range
case).

The scenario is a typical hall scenario with a size of 94 x 30
m?. In this long-range case, the frequency range is set to
be 99-110 GHz with a bandwidth of 11 GHz and the number
of frequency points of 7701 resulting in a delay (distance)
resolution of 0.09 ns (0.03 m) and a maximum measurable dis-
tance of 210 m, respectively. The IF bandwidth and transmitted
power are 500Hz and 10dBm, respectively. Two identical
omnidirectional antennas [42]] are employed in this case for the
Tx and Rx. The Tx-Rx distance is set to be 84.5m. There is a
height difference of 0.73 m between the Tx and Rx due to the
stairs between them. To align the antennas, the heights of the
Tx and Rx are set as 2.05m and 1.32 m, respectively. Same to
the near-field case, the DSS measurements are also performed
as a reference. Fig.[I2] and Table[ll] illustrate the photo of
the long-range measurement scenario and the measurement
configurations, respectively.

2) Measurement Results: Fig@(a) depicts the PADP result
with the DSS in the long-range case. 6 paths can be detected
from the PADP. However, it is hard to detect paths from the
recorded CIRs over array elements in Fig[T3|(b) due to the
low dynamic range of the Omni-VAA in the long-range case.
A high angular resolution can be observed after the FIBF, as
shown in the PADP after the FIBF in Fig[I3|(c). The LoS
path has an AoA of 2° and a delay of 281.7ns (corresponding
to the LoS propagation distance of 84.5m), which matches
the deployment distance of the Tx and Rx. The power of the
LoS power is —112.9dB, while the theoretical FSPL value
is —111.4dB. The difference might be due to the fact that
the Tx and Rx antennas cannot be preciously aligned over
such a long distance. Besides, a strong sidelobe can be seen
in Fig[[3](c), as expected for the FIBF algorithm. Moreover,
a signal-to-noise ratio (SNR) improvement of the PADP after
the FIBF in Fig[T3](c) compared to the raw CIRs in Fig.[I3|(b)
is 16.0dB.

Fig.[T4] shows the estimated paths and the synthesized CIR
on the virtual UCA elements after using the FIBF with the
SIC, respectively. Due to the high path loss and the low
antenna gain of the employed omnidirectional antennas, we
can only detect 6 paths in the measurement results using the
FIBF with the SIC. The trajectory of the dominant paths is
depicted in Fig.[6](b). Path 2 is observed as the reflection from
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Fig. 13: The measurement results in the long-range case. (a)
PADP with the DSS. (b) Recorded CIR with Omni-VAA. (c)
PADP with Omni-VAA after the FIBF.

the back wall of the Tx, while paths 3 and 4 are seen as the
reflection from the metallic structure of the back wall at the
Rx side. We observe that path 5 is the reflection from the
outdoor lamppost. Path 6 is found to be the reflection from
the wooden furniture in the middle rest area. Furthermore, a
good agreement can be seen in the comparison of the recon-
structed CIR in Fig.[T4](b) with the recorded CIRs over virtual
array elements in Fig[T3|(b). Besides, the comparison between
the estimation results in Fig.[I4|(a) and the DSS results in
Fig[T3|(a) also demonstrates that the dominant paths in these
two measurements fit well, validating our measurement results
using the VAA concept.

D. UWB Channel Measurements and Characterization

1) Measurement Scenario: The measurement scenario and
the Tx and Rx deployments are shown in Fig.[6](a). We
deployed the Tx close to the wall to simulate a base station,
while deploying 9 Rx locations (i.e., Rx 2.1-Rx 2.9) with the
link distance ranging from 4-58 m. The antenna heights of
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Fig. 14: The estimated results in the near-field case (i.e., Tx-
Rx 1.1). (a) Estimated path results. (b) Synthesized CIR using
estimated results

the Tx and Rx are set the same as 1.25 m. The measurement
settings are the same as those in the long-range validation
subsection. Thus, we obtained 360 x 9 = 3240 CFRs in total
(i.e., number of UCA elements X number of measurement
locations). Due to a large number of frequency points and
the low IF bandwidth, each measurement takes approximately
4 hours. Therefore, the entire measurements took around 40
hours. The detailed measurement specifications are illustrated
in Table[lll

2) Channel characterization and modeling: In this sub-
section, we first use the FIBF with the SIC to extract the
parameters (i.e., amplitude, delay, and AoA) of the MPCs
for each measurement location, and then calculate the channel
characteristics using those estimated channel parameters.

a) Path loss: In this paper, we calculate the path loss
(PL) as the power summation of the estimated path power.
The calculated path loss results are fitted by the log-distance
dependent path loss model, i.e., alpha-beta-gamma (ABG)
model [44], [45]], which can be written as:

d
PLapc(d)[dB] =10 - napg - logm(d—o) + PL(do) + x2B¢
(26)

where PLapc(d) (in dB) denotes the ABG path loss model
over distance. d (in meter) represents the Tx-Rx distance
with d > 1m and dg = 1m; napg and PL(dy) are
the path loss coefficient and the optimized offset value for
path loss, respectively. 2B represents the large-scale signal
fluctuations.

Fig.[13] depicts the measured path loss compared with
the fitted model. Note that we also plot the FSPL model
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(PLpspr, = 2+ 10 - logy (d) + 72.82) in Fig.[15] for reference.
Note that the antenna gain is removed from the estimated
results before the path loss calculation. The empirical array-
wise PL is well-fitted to the ABG path loss model of
PLapc = 1.88-10-log;, (d) 4+ 74.31 dB with the root-mean-
square error (RMSE) of 0.52 dB. The fitted PL. model is shown
a close agreement with the FSPL model. It is observed that
the PL coefficient of the fitted model is smaller than that of
the FSPL model. This is due to the fact that the total received
signal includes several reflection MPCs in addition to the LoS
component, which varies with the Tx-Rx power attenuation
due to distance.

b) Delay spread, AoA spread, and k-factor: Delay spread o
and angular spread o4 are channel parameters to describe the
delay and angle span of the MPCs in the channel. Note that the
angular spread in this work is referred to as the AoA spread.
The Ricean k-factor is a useful parameter for the small-scale
channel characterization [46], [47]. Note that we compute and
analyze the channel characteristics based on the path parameter
estimation results. Readers can refer to [47]], [48]] for detailed
equations to calculate these parameters.

The delay spread is depicted in Fig.[T6](a). The delay
spreads vary in the range of [5.67,47.61]ns, and are seen
to be linear with the distance in decibels according to our
analysis of the measurement results. Fig.[T6|(b) illustrates the
AoA spread result. The angular spreads vary from 15.63° to
72.11° in this scenario. This scenario can be separated into
two cases, i.e., spacious hall (Rx 2.1-2.5) and corridor (Rx 2.6-
2.9). The AoA spreads are observed to increase with the Tx-Rx
distance in both cases, as shown in Fig.[T6|(b). The exemplary
PASs with the estimated results compared with the mean AoA
(Zgg in the Tx-Rx2.2 and Tx-Rx2.9 are depicted in Fig. It
can be observed that the MPCs in Tx-Rx2.2 are concentrated
on the mean angle, which leads to a low AoA spread. While
in Tx-Rx2.9, the AoAs of the MPCs vary from [—123, 180]°,
which leads to a high angular spread. The k-factor is observed
to decrease with increasing distance. These observations are
as expected due to the fact that as the distance increases, the
LoS power decreases and the power of the MPC becomes
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comparable to the LoS power, which can be also observed
from the comparison of the power of the MPCs between the
Tx-Rx2.2 and Tx-Rx2.9 in Fig.[T7]

VI. CONCLUSION

This paper presents the design, implementation, and valida-
tion of a phase-compensated channel sounder that can support
the VAA scheme and long-range measurements at W bands
(i.e., 75-110 GHz). The phase stability becomes a critical issue
at sub-THz bands due to the unstable phase performance of the
channel sounder in state-of-the-art channel sounder, making
it inapplicable for applying advanced array signal processing
algorithms to extract channel path parameters. According to
the simulation, the VAA scheme cannot be directly employed
in the conventional sub-THz channel sounder, since the unsta-
ble phase performance might lead to beamforming gain loss
up to 3.1dB, even in the ideal back-to-back measurements.
With the help of the phase compensation scheme, this issue
can be effectively addressed, where a phase variation up to
45° can be achieved in the back-to-back connection in the
W-band. Virtual UCA-based channel measurements in two
cases, i.e., near-field (with an LoS distance of 7.3 m) and long-
range (with an LoS distance of 84.5m) cases, are performed
at 100 GHz to validate the proposed channel sounder, where
a high-resolution channel parameter estimator, i.e., FIBF with

the SIC, is applied to extract the MPC parameters. The focus of
the near-field case is to validate the generalized high-resolution
channel parameter estimator, while in the long-range case, we
aim to demonstrate the capability of our proposed channel
sounder with a large dynamic range via intentionally employ-
ing omnidirectional antennas on both the Tx and Rx sides
and setting the Tx-Rx distance to 84.5m. In the long-range
cases, 6 specular paths are observed including only the LoS
path and the first-order reflections, while in the near-field case,
approximately 10 paths are identified including the LoS path
and the first-order reflections, as well as several second-order
reflections. Both measurement results demonstrate the sparse
property of the W-band channel. We also perform the reference
measurements using the conventional DSS to validate the
estimated path parameters. Compared to the DSS results,
consistent path parameters in terms of path power, angle, and
delay are obtained using the FIBF with the SIC for both cases.
These extracted path parameters are utilized to reconstruct
the CIRs over the UCA elements. The comparison between
the reconstructed CIR and the recorded CIR demonstrates a
high level of concordance. Besides, the FIBF algorithm is
also extended to a more generic algorithm, which can work
for far/near-field, wideband/narrowband propagation scenarios
using Omni-VAA and Dir-VAA. Furthermore, Omni-VAA-
based UWB measurement validation in the frequency range of
[99,110] GHz is performed in a hall scenario at 9 different Rx
locations covering the link distance of [3,58] m. Applying the
FIBF with the SIC algorithm, the power, delay, and AoA of the
MPCs are extracted from the measurement results. In addition,
the basic channel characteristics, i.e., path loss, delay spread,
angular spread, and k-factor, are analyzed and presented.
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