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ABSTRACT Wide bandwidth requirements for multi-Gbps communications have prompted the global
telecommunications industry to consider new mid-band spectrum allocations in the 4–8 GHz FR1(C) and
7–24 GHz FR3 bands, above the crowded bands below 6 GHz. Allocations in the lower and upper mid-
band aim to balance coverage and capacity, but there is limited knowledge about the radio propagation
characteristics in the 4–24 GHz frequency bands. Here we present the world’s first comprehensive indoor
propagation measurement and channel modeling study at 6.75 GHz and 16.95 GHz in mid-band spectrum
conducted at the NYU WIRELESS Research Center spanning distances from 11–97 m using 31 dBm EIRP
transmit power with 15 and 20 dBi gain rotatable horn antennas at 6.75 GHz and 16.95 GHz, respectively.
Analysis of the omnidirectional and directional propagation path loss using the close-in free space model with
1 m reference distance reveals a familiar waveguiding effect in indoor environments for line-of-sight (LOS).
Compared to mmWave frequencies, the omnidirectional LOS and non-LOS (NLOS) path loss exponents
(PLE) are similar, when using a close-in 1 m free space path loss reference distance model. Observations of
the omnidirectional and directional RMS delay spread (DS) at FR1(C) and FR3 as compared to mmWave
and sub-THz frequencies indicate decreasing RMS DS as the carrier frequency is increased. The RMS
angular spreads (AS) at 6.75 GHz are found to be wider compared to 16.95 GHz, showing greater number
of multipath components from a broader set of directions in the azimuthal spatial plane when compared to
higher frequencies. This work also presents results from extensive material penetration loss measurements at
6.75 GHz and 16.95 GHz using co and cross polarized antenna configurations for ten common construction
materials found inside buildings and on building perimeters, including concrete walls, low-emissivity glass,
wood, doors, drywall, and whiteboard. Our findings show penetration loss increases with frequency for all
of the ten materials and partitions tested, and suggest further investigation of 3GPP material penetration
loss models for at least infrared reflective (IRR) glass and concrete may be necessary. The empirical data
and resulting models for radio propagation and penetration loss presented in this paper provide critical
information for future 5G and 6G wireless communications.

INDEX TERMS 3GPP, 5G, 6G, angular spread, CI path loss, delay spread, FR3, FR1(C), InH, indoor,
materials, partition loss, radio propagation, path loss, penetration loss, upper mid-band, mid-band, lower
mid-band, upper 6 GHz, XPD.
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I. INTRODUCTION

THE DESIRE for wide bandwidths to achieve gigabits-
per-second data throughput for future sixth generation

(6G) mobile phones has prompted the industry to augment
the 5G spectrum allocations of mmWave Frequency Range
2 (FR2) with new spectrum above the crowded sub-6 GHz
bands. Conventionally, frequencies below 6 GHz have been
defined as Frequency Range 1 (FR1) by the 3GPP global
mobile communications standard body [1], while the IEEE
defines frequencies between 4–8 GHz as the C band. In this
paper, the frequency range between 4 to 8 GHz is denoted
as the FR1(C) band [1], [2], [3] (see Table 1 for the meaning
of FR1(C) as well as other abbreviations in this paper).
Within the past year, there has been strong international
interest in the FR1(C) lower mid-band and FR3 upper mid-
band spectrum for 5G and 6G mobile communications. Often
heralded as the “golden band” due to the promising balance
between expansive coverage and high capacity (due to wider
channel bandwidth allocations than at sub-6 GHz), the 4–
8 GHz FR1(C) and 7–24 GHz FR3 upper mid-band spectrum
are anticipated to play a crucial role in the deployment of next-
generation 5G and 6G cellular systems [4]. Agencies such as
the International Telecommunications Union (ITU), the U.S.
NationalTelecommunications and InformationAdministration
(NTIA) and Federal Communication Commission (FCC)
are considering the FR1(C) and FR3 bands for mobile
operators to use alongside current incumbents such as satellite
communications, earth exploration, and radio astronomy.
Particularly, ITU and NTIA in the United States have
put specific focus on the 7.125-8.4 GHz band, and other
segments including the 4.40-4.80 GHz and 14.8-15.35 GHz,
as identified by the ITU World Radio Conference 2023
(WRC-23) in Figure 1 [5]. Furthermore, the commercial
significance of this spectrum is acknowledged by industry
leaders, such as Nokia [6], Huawei [7], and the Alliance
for Telecommunications Industry Solutions (ATIS), who have
identified FR1(C) and FR3 mid-band spectrum as being
crucial for future network developments. The 3rd Generation
Partnership Project (3GPP) and FCC’s interest in the FR3
frequencies underscore the escalating data requirements and
the certain adoption of frequencies between 6-24 GHz for
future global mobile usage [8]. Presently, there is limited
knowledge regarding the radio propagation characteristics at
these frequencies for cellular deployments. There is much
exploration needed in diverse environments including indoor,
outdoor, and factories. Knowing propagation behavior inside
buildings is extremely critical since people spend 87% of
their time indoors, as found by the National Human Activity
Pattern Survey [9]. Cellphone coverage inside buildings, or
penetration into buildings from outdoor cellsites, requires
that radio signals interact with several building materials
and partitions [10]. It is well known at frequencies below
6 GHz as well as at mmWave frequencies that narrow band
and wideband (individual multipath component) fading inside
buildings is generally Ricean [11], [12], [13]. In such Ricean
fading environments, the presence of humans causes reflection

of multipath components (MPCs), with the additional benefit
of diffraction propagation around human bodies at frequencies
below 6 GHz, but there are deep body losses (tens of
dB at mmWave), typically modeled with double knife-edge
diffraction models [14], [15]. Penetration through various
common building materials and partitions remain under-
explored in the FR1(C) and FR3 spectrum as compared to
other frequencies used in 1G through 5G, although some work
exists in the literature as demonstrated in Section IX at the
back of this paper, and for example in [10], [16], [17], [18],
[19], [20], [21], [22], [23], [24], [25], [26].
There are a few empirical indoor path loss and delay

spread measurements reported in the literature in the FR1(C)
and FR3 spectrum. Table 2 lists the path loss exponents
(PLE), RMS DS, and omnidirectional RMS AS-for-arrival
(RMS ASA) reported in the literature of indoor channel mea-
surements in FR1(C) and FR3 frequency bands. Referring
to Table 2, propagation measurements in [27] conducted
along an office corridor at 11 and 14 GHz using a vector
network analyzer (VNA)-based channel sounding system
with biconical antennas observed PLE of 1.52 and 1.59 in
LOS and 3.06 and 2.76 in NLOS, using a close-in (CI)
1 m free-space reference distance [28]. Mean RMS delay
spreads were reported as 19.5 ns and 17.9 ns in LOS
at 11 GHz and 14 GHz, and 23.43 ns and 22.03 ns at
11 GHz and 14 GHz, respectively. Wei et al. conducted
propagation measurements in university corridors in [29]
with a MIMO array at 6 GHz with 100 MHz bandwidth
using a sliding correlation channel sounder and recorded
∼21 ns RMS DS in LOS and ∼39 ns in NLOS. Continuous
wave measurements performed along a university hallway
in [30] using a signal generator and signal analyzer at 14
and 22 GHz using horn antennas with 19.5 and 22 dBi gain
at the respective frequencies yielded a directional LOS PLE
of 1.6 and 1.7, respectively, with CI 1 m reference distance.
VNA-based propagation measurements in [31] conducted
at 2.4, 4.75, and 11.5 GHz with 500 MHz and 1 GHz
bandwidth in an indoor office/laboratory environment using
biconical antennas yielded LOS PLEs of 1.86, 1.98 and
1.94 and NLOS PLEs of 3.33, 3.75, and 4.46 with a
1 m free-space reference distance at the three respective
frequencies. The PLE in indoor environments is reported
as 1.8 with 1 m free-space reference in LOS at 1.4 GHz and
4 GHz [32]. The PLEs are lower than the free-space PLE
and suggest a frequency selective waveguiding effect indoors.
Measurements in indoor offices and grocery/retail stores at
914 MHz report a PLE (1 m reference distance) of 2.76
considering all LOS and NLOS locations measured on the
same floor of the building [33]. Indoor measurements in [34]
measured diffraction loss at 10, 20, and 26 GHz around
drywall, plastic board, and wooden corners, and found good
agreement with the Knife Edge Diffraction (KED) model.
Authors in [35] studied the RMS DS for outdoor-to-indoor
(O2I) scenarios at 3.3, 6.5, 15, and 28 GHz and found
higher delay spreads for O2I scenarios compared to outdoor
measurements at similar distances, while a clear trend was
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TABLE 1. List of abbreviations.

FIGURE 1. Frequency bands of interest identified across FR1(C) and FR3 by ITU,
NTIA, FCC, and ATIS [5], [6], [7], [8].

not observed for the O2I delay spreads across the four
frequencies.
Table 10 (see the Annex of reported penetration loss)

shows an extensive literature review of relevant works

for penetration into buildings and through materials in
the FR1(C) and FR3 frequency bands. There have been
research endeavors to characterize the penetration loss of
various materials in mmWave [41], [42] and sub-6 GHz
bands [16], [17]. However, investigation into the penetration
loss of such materials for the FR1(C) and FR3 frequencies
have been limited compared to other bands. Referring to
Table 10 in the Annex, Muqaibel et al. [18] studied the prop-
agation of ultrawideband (UWB) signals through common
building materials such as drywall, plywood, wooden door,
glass, brick wall, concrete block wall, styrofoam, office cloth
partition and reinforced concrete wall at frequencies between
2-10 GHz. Authors in [19] measured penetration loss of
wood panels 0.6, 1, and 1.4 cm thick using a narrowband
swept network analyzer from 7–15 GHz and reported 1.9,
1.7, and 3.2 dB loss at 7 GHz and 2, 4.1, and 5 dB
loss at 15.5 GHz. Authors in [18] measured the dielectric
properties of materials (permittivity and loss tangent) to
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TABLE 2. Path loss, RMS DS, and RMS ASA model parameters for indoor wireless channels in FR1 and FR3 from the literature.

characterize attenuation and distortion of UWB signals when
propagating through the stated materials. Landron et al.
[43] measured reflection coefficients of limestone, glass,
and brick wall surfaces at 1.9 GHz and 4 GHz for vertical
and horizontal antenna polarizations, and found Freshnel
reflection coefficient models with rough surface correction
factors are adequate to model reflection. Rodriguez et al. [26]

conducted measurements to study the O2I attenuation for
buildings in Aalborg, Denmark using a continuous wave
measurements from 800 MHz to 18 GHz, and found modern
buildings presented increased penetration loss of 20-25 dB
compared to old constructions. Zhang and Hwang [20]
characterized the penetration loss from 0.9–18 GHz for
indoor partitions such as reinforced concrete and plasterboard
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walls. Measured results in [20] showed increased penetration
loss with frequency for reinforced concrete wall, however,
a monotonic increase with frequency was not observed for
plasterboard walls. Ökvist et al. [21] presented penetration
loss measurements at 15 GHz and reported losses of 24 dB
for triple-pane infrared reflective (IRR) glass.
In Table 2, we have shown that many existing research on

these frequency bands for Indoor Hotspot (InH) only report
partial statistics for PLE, RMS DS, and RMS ASA. Our
study is the first comprehensive measurement campaign to
cover 6.75 GHz and 16.95 GHz in detail. Results shown later
in the paper in Table 7, indicate richer multipath channels
at FR1(C) and FR3 frequencies with greater temporal and
spatial diversity compared to higher mmWave and sub-THz
frequencies. The rich multipath propagation environment
allows the implementation of higher degrees of spatial
multiplexing and antenna combining for link enhancement
[44]. Further, penetration losses of several materials are
observed to be lower than at FR2 frequencies, as shown
in Table 8 and Figure 16, suggesting less susceptibility
to blockage and hence a wider coverage. We emphasize
that these new bands are not well understood for cellular
applications worldwide and are newly utilized by IEEE Wi-
Fi 7 (6 GHz, 5.925 to 7.125 GHz) in the USA, Europe,
the U.K., and Australia [45]. The wideband channel models
provided are vital for 6G 3GPP standards, future Wi-
Fi, and Integrated Sensing and Communication (ISAC)
applications [46]. Understanding these frequency bands will
not only improve network performance, enabling higher data
rates, but also support advanced applications like real-time
sensing and more accurate indoor localization.
This paper presents the world’s first comprehensive radio

propagation study for the Indoor Hotspot (InH) scenario
conducted at 6.75 GHz in FR1(C) and 16.95 GHz in the FR3
frequency band using a 1 GHz bandwidth channel sounder at
the NYU WIRELESS Research Center in the 370 Jay Street
building, NYU Tandon School of Engineering in Brooklyn,
NY. The results encompass 20 TX-RX (or T-R) locations
measured at 6.75 GHz and 16.95 GHz covering distances
from 11 to 97 m, along with penetration loss measurements
carried out for several indoor materials, partitions, and
O2I walls. The propagation analysis presented in this
paper are derived from over 30,000 power delay profiles
(PDP) collected across the two measurement campaigns at
6.75 GHz and 16.95 GHz at 31 dBm EIRP transmit power
employing 15 and 20 dBi gain rotatable horn antennas at
6.75 GHz and 16.95 GHz, respectively, in both co-polarized
and cross-polarized antenna configurations. Our previous
measurement campaigns often lacked direct comparisons to
industry standard models, as models at the mmWave and sub-
THz frequencies were often not yet developed at the time of
our work. Direct comparisons with 3GPP models are given
in this paper, and offer valuable insights into the accuracy
of industry-standard models and how they might need to be
revised for greater accuracy and broader applicability. The
key contributions in this paper are as listed:

• The NYU wideband channel sounder with new special-
ized dual-band co-located RF front-ends for operation at
6.75 GHz and 16.95 GHz, developed by Mini-Circuits,
is described in Section II.

• The detailed calibration procedure for accurately captur-
ing power, delay, and spatial information of multipath
components is explained in Section III. Additionally, a
patent-pending precision time protocol (PTP) synchro-
nization (sync.) method implemented on the channel
sounder to capture the absolute propagation delay of
multipath, which has also accelerated the processing of
captured PDPs is highlighted in Section III.

• Detailed measurement methodology to capture the radio
propagation behavior in the InH environment, and to
conduct penetration measurements for the materials and
partitions is described in Section IV along with maps
and material descriptions.

• Section V presents the directional and omnidirectional
path loss analysis and resulting channel models for InH
generated at 6.75 GHz and 16.95 GHz using the close-
in 1 m free space reference distance model. The results
are compared with past measurements at sub-6 GHz,
mmWave, and sub-THz frequencies and 3GPP models.

• The results of penetration loss for ten construction
materials and partitions at 6.75 GHz and 16.95 GHz
for all four combinations of the vertical and horizontal
antenna polarizations is presented in Section VII.
Comparisons are made with 3GPP standard models
for material penetration and past results at sub-6 GHz,
mmWave, and sub-THz frequencies.

• Spatio-temporal statistics, including RMS DS and RMS
ASA, extracted from the radio channel measurements
at 6.75 and 16.95 GHz are presented in Section VI and
compared with past measurements and 3GPP models at
sub-6 GHz, mmWave, and sub-THz frequencies.

The paper organization follows the structure illustrated
in Figure 2. Section II describes the channel measurement
system. The calibration procedures for the channel sounding
system are detailed in Section III. Section IV provides
the measurement procedures employed for propagation
measurements at the InH locations. Methods used for
measuring material penetration loss and partition losses
are also described within Section IV. The results obtained
for path loss are presented in Section V. The RMS DS
and ASA resulting from the multipath statistics measured
are highlighted in Section VI. Observations of penetration
loss for ten indoor construction materials and partitions are
discussed in Section VII. Conclusions are then presented in
Section VIII followed by an Annex that tabulates, in detail,
the recorded penetration loss for various materials at FR1(C)
and FR3 frequencies from the literature.

II. WIDEBAND FR3/FR1(C) SLIDING CORRELATION
CHANNEL SOUNDER AT NYU WIRELESS
A time-domain channel sounder based on sliding cor-
relation of pseudorandom noise (PN) sequences was
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FIGURE 2. The organizational structure of this paper.

employed for wideband channel propagation and penetration
measurements. The working principle of the sliding-
correlation channel sounder using a PN sequence is detailed
in [47], [48], and [49, Ch. 4]. As presented in Figure 3,
the 500 Mcps baseband PN sequence phase modulates a
6.75 GHz carrier to result in a 1 GHz RF bandwidth (BW)
signal that is connected to one of two co-located front-end
modules custom developed by Mini-circuits. The module on
top in Figure 3 operates at 6.75 GHz FR1(C) and the one on
bottom at 16.95 GHz FR3, both with a 1 GHz bandwidth.
The distinctive co-located configuration allows a simple
transition between the 6.75 GHz and 16.95 GHz operating
frequency bands by changing a single cable. During the
operation of one module, the antenna on the other module
is detached and a waveguide cover is used on the flange.
Additionally, RF absorbent foam is used to cover the front
surface of the unused module to avoid unwanted multipath
due to the stacked design.

The FR1(C) module operating at 6.75 GHz directly
transmits the broadband signal through a 15 dBi gain and
a 30-degree half-power beamwidth (HPBW) horn antenna,
achieving an effective isotropic radiated power (EIRP) of
31 dBm to stay within licensed emission power level of
35 dBm. As was reported in [50], the mmWave spectrum is
more than four orders of magnitude below ionizing radiation,
and thus FR1(C) and FR3 frequencies are more than five
orders of magnitude below the ionizing frequency range. It
was shown that nothing has been found other than RF heating
that can cause abnormal cell growth [51]. Likewise, the front-
end module designed for 16.95 GHz operation employs a
heterodyne approach to upconvert the 6.75 GHz intermediate
frequency (IF) signal to a RF signal at 16.95 GHz with
1 GHz bandwidth and transmits using a 20 dBi horn antenna
and 31 dBm EIRP. The FR3 TX and RX front-end modules
use a 7.9 GHz local oscillator (LO) signal, fed into a
tripler, yielding a 23.7 GHz output that is subsequently fed
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FIGURE 3. The FR1(C) and FR3 channel sounder system with co-located dual-band RF front-end modules developed by Mini-Circuits. The module on top operates at 6.75 GHz
and the bottom module at 16.95 GHz.

FIGURE 4. A typical directional PDP collected during measurements using the
channel sounder with rotatable horn antennas. The power amplitude threshold applied
to the PDP is the higher among 5 dB above the noise floor or 25 dB below PDP peak.
Here, 25 dB below PDP peak is selected.

into a high-side injection mixer that produces a 16.95 GHz
signal.
At the receiver, the signal, once down-converted, is passed

through a sliding correlator with a 499.9375 Mcps PN
sequence that results in a time-dilated PDP. The TX and RX
front-end modules are mounted on mechanically rotatable
gimbals with 1◦ spatial resolution that have a 360◦ range
of motion in the azimuth and 120◦ in elevation. The
wide bandwidth of 1 GHz allows the channel sounder to
overcome frequency selectivity that narrowband and swept
narrowband systems are prone to and resolve close multipath
in temporal domain (up to 1 ns apart, example in Figure 4) to
ensure accurate location and penetration measurements. The
polarization of the horn antennas are changeable between
vertical (V) and horizontal (H) polarization using waveguide
twists at both bands. During InH location measurements, V-V
co-polarized or V-H cross-polarized antenna configuration is

used. Moreover, a total of four antenna configurations V-V
or H-H co-polarized, and V-H or H-V cross-polarized are
used for measurement of each material under test (MUT)
during material and partition penetration measurements. The
specifications of the channel sounding system are detailed
in Table 3.

A major difference compared to previous campaigns is the
implementation of a PTP-based synchronization algorithm,
described in detail in Section III-B. The time sync algorithms
employed are critical to ascertain the exact propagation
delay of MPCs between the TX and RX with nanosecond
accuracy. As the channel sounder TX and RX operate
fully untethered, in past campaigns the TX and RX LOs–
indicated in Figure 3–lost synchronization after a few hours
of operation during a measurement day lasting over 10 hours.
The loss in time sync in many propagation measurement
campaigns is unpredictable and occurs unbeknownst to the
operators. As a result, in the past, the PDPs captured could
have abrupt shifts in absolute timing or time drift which,
if ignored, would result in erroneous MPC propagation
delays. To cure such synchronization issues in the past,
intensive post-processing efforts were required to estimate
the accurate multipath delay using site-specific information
and ray tracing to realign the PDPs precisely in propagation
time before any statistics could be processed [52], [53], [54],
[55], [56]. The measurements described here are the first
which have used the patent-pending synchronization method
described in Section III-B through the use of a Wi-Fi side
channel link.

A. PDP CAPTURE & DENOISING
The channel sounder captures arriving MPCs as amplitude
peaks at different delays in a PDP. The sliding correlation
results in a processing gain of 39 dB due to the time
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TABLE 3. System parameters for the upper-mid band channel sounder at NYU
WIRELESS.

dilation that occurs as the PN sequences slide past each other
(processing gain = 10×log10(slide factor), Table 3, [47]) that
allows for detection of weak MPCs. The time-dilated PDP is
captured at the RX oscilloscope at the digitizer sampling rate
in 81880 samples corresponding to 4094 ns max propagation
delay. Thus, 20 samples in a time-dilated PDP is equivalent
to 1 ns of propagation delay [55], [57]. At each capture, 20
instantaneous PDPs are averaged and recorded by the system
along with the angular information of the gimbal position
and different operating parameters [48]. Before processing
the PDPs, a power amplitude thresholding is preformed. As
illustrated in Figure 4, the higher threshold between 5 dB
above the noise floor (found by averaging power in the last
few hundred nanoseconds of the PDP) and 25 dB below the
PDP peak is selected and all powers below this threshold are
discarded. The power thresholding removes any dependency
of the modeling on hardware dynamic range.

III. CALIBRATION OF THE CHANNEL SOUNDER SYSTEM
The calibration for InH location measurements is an impor-
tant step to ensure accurate capture of the power, delay, and

FIGURE 5. Results of the channel sounder calibration for 16.95 GHz operation. The
system has a linear operating range of 50 dB, which is maintained by proper
attenuator settings during field measurements.

direction of MPCs. Calibration is conducted at least twice a
day–once at the beginning of the measurement day and once
at the end–to assure daily and long-term accuracy. The NYU
WIRELESS Channel sounder is calibrated in three phases:

A. LINEARITY AND POWER CALIBRATION
The linear range of operation, power limits, and system gain
of the RX are defined and confirmed by measurement twice
daily, once at the beginning and once at the end of each
day. The transmit power applied to the TX horn antenna
is measured with a Keysight N1913A power meter via the
Keysight N8487A power sensor pre-calibrated to a 0 dBm
reference source within the power meter. The TX attenuator
and LO powers are set to keep the TX power within the limit
of 35 dBm permitted by the FCC experimental license and
ensure linearity of the PDPs captured during measurements.
A free space PL measurement at a distance beyond 5×far-
field distance (Df ) of the horn antennas helps confirm the
accuracy of the received power for the transmit power used.
A 4 m separation is selected with a 1.5 m TX and RX height
to capture a single LOS path avoiding any reflection paths,
adhering to the calibration criteria described in [58]. During
calibration, power obtained by integrating the area under
the curve for the first PDP peak yields the total received
power in the LOS path for different configurations of the TX
and RX attenuator and LO input powers [58], [59]. Figure 5
shows the calibration results of the 16.95 GHz front-end.
Varying the TX and RX attenuators allows for a total 50 dB
linear operation range during the penetration measurements
over a 150 dB power range. Calibration at the end of the
day typically shows differences of less than 0.2 dB for this
FSPL calibration step.

B. TIME CALIBRATION
Accurate measurement of the absolute multipath delay
during the InH location measurements requires correct
implementation of time calibration, so as to assure that time
drift does not cause the absolute timing to slip throughout a
day of measurements. Before the measurement day, the two
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separate Rubidium (Rb) clocks used each at the TX and RX
are synchronized with each other overnight (12-13 hrs) using
a physical cable to ensure accurate time synchronization.
During system startup each day, two Raspberry-Pi computers
connected to each Rb clock on the TX and RX are initiated
to run a patent-pending PTP synchronization for absolute
timing over a Wi-Fi link, as detailed in [55]. The Wi-Fi side
channel link is operational throughout the day for continual
adjustment of the frequency and phase errors between the
Rb clocks to minimize time drift. Following the linearity and
power calibration (explained in Section III-A) at the start
of the day, the PDP which captures the single LOS peak is
circular shifted by the PDP capture software at the RX, to
match the free-space propagation delay of 13.3 ns for the
four-meter calibration distance. Then, the TX and RX are
moved to the desired location for measurements.
Upon completing measurements at a TX-RX location, the

TX and RX are returned to a 4 m separation–at the location
linearity and power calibration was performed–to remeasure
the propagation delay for the LOS path and capture any
minor drifts (typically within few nanoseconds) in the
propagation delay. Without the PTP synchronization method
described in [55], past measurement campaigns at NYU
WIRELESS with separated Rb clocks would suffer time
drift of several hundreds of nanoseconds during the 4-5 hr
measurement duration at each location. The large time drifts
were corrected in past campaigns with ray-tracing using
NYURay [53], [57] to obtain true time-of-flight of MPCs
that was augmented with the measured PDPs to correct time
drift or with time drift tracking [52] that recorded the change
in propagation delay of the same MPC over a few minutes
and assumed the same linear rate of time drift during the
several hours spent to measure each TX-RX location. The
present campaign uses an active synchronization method
that continuously synchronizes the Rb clocks and the PDP
propagation delays against a reference MPC during the
several hours of measurements at each TX-RX location,
using patent-pending methods in [55]. The time calibration
is repeated for every TX-RX location measured throughout
the day and the minor drifts observed after measurements at
a T-R location are recorded to correct the measured data in
post-processing to obtain the absolute propagation delay of
MPCs. The drift is found to be unaffected by the movement
of TX and RX carts to respective locations [55].

C. SPATIAL CALIBRATION
At every TX-RX location, the TX and RX antennas are
raised to 2.4 m and 1.5 m above the ground, respectively.
Special care is required in correctly setting the heights, and
horizontal and vertical leveling of antennas. The unused
antenna is detached and a waveguide cover is used on the
flange along with RF absorbent foam covers before the mea-
surements to avoid undesired multipath due to the stacked
design of the RF front-end modules. The geographical North
is used as the spatial 0◦ pointing reference at each TX-
RX location pair for consistent AOA/AOD recording across

all locations and spatial coordination between TX and RX
during measurements.
Once the calibration process (linearity and power, time,

and space) is complete, the channel sounder is ready for
multipath propagation measurements at each InH TX-RX
location pair. The measurement procedures are subsequently
described in Section IV-C.
The calibration to conduct penetration measurements

involves the completion of the linearity and power calibra-
tion, detailed in Section III-A. Particularly, the attenuator
settings determined from the linearity calibration are adjusted
during penetration measurements, detailed in Section IV-D,
to ensure the received power falls in the linear range of
operation, especially when measuring the cross-polarized
antenna configurations.

IV. MEASUREMENT PROCEDURE
A. ENVIRONMENT DESCRIPTION FOR INH
MEASUREMENTS
The InH measurement campaign is conducted in the NYU
WIRELESS Research Center at 370 Jay Street, Brooklyn,
NY. The environment is a typical open office space with
cubicles, office rooms, labs, and conference rooms. The walls
are mostly drywall with some labs and conference rooms
having clear glass panels. The TX locations are marked
as different color stars and RX locations as circles of the
corresponding color on the floorplan presented in Figure 6.
Identical T-R locations are measured at both frequency
bands. Table 4 lists the T-R locations in LOS and NLOS
for the 16.95 GHz FR3 measurements, encompassing 7 LOS
and 13 NLOS T-R location pairs. The T-R separation for the
locations range from 11 m to 97 m. No outages are observed
at any of the T-R locations in both bands with a transmit
EIRP of 31 dBm and link margin (at 5 dB SNR) of 156 dB
at 6.75 GHz and 159 dB at 16.95 GHz.

B. MEASUREMENT OF THE ANTENNA
CROSS-POLARIZATION DISCRIMINATION
During propagation, interaction with the environment can
cause the transmitted signal energy to be captured in
cross-polarized antenna orientation. Particularly, different
materials can exhibit varying penetration loss for co and
cross-polarized antenna configurations [58]. Thus, observ-
ing the cross-polarization discrimination (XPD) facilitates
the characterization of energy captured in the orthogonal
orientation. The InH location measurements, elaborated
subsequently in Section IV-C, captures the MPC propagation
with V-V co-polarized and V-H cross-polarized (TX in
V; RX in H) horn antenna configurations. Further, the
penetration measurements, detailed in Section IV-D, uses
all four possible polarizations during the penetration loss
measurements of each material. To accurately determine
material penetration loss, the free space XPD must be
measured. Figure 7 shows the antenna XPD measured for the
channel sounder system at (a) 6.75 GHz and (b) 16.95 GHz
in V-V and V-H polarizations, using the calibration method
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FIGURE 6. The NYU WIRELESS research Center at 370 Jay Street, Brooklyn, NY is a typical open office space with cubicles, offices, and conference rooms. The four TX
locations are indicated as different color stars with corresponding RX locations as circles of the same color.

TABLE 4. TX-RX location pairs for indoor measurements at 16.95 GHz in FR3 and
6.75 GHz in FR1(C).

in [58]. Waveguide twists at WR-137 and WR-62 facilitate
the change in polarization.
To obtain empirical XPD for the horn antennas used on the

FR1(C) and FR3 channel sounders, measurements of FSPL
are made for the different antenna polarization configurations
starting in the far field from T-R separation distances of 3 m
with increments of 0.5 m up to 6 m. An open lab area is
used to ensure the ground and ceiling multipath are avoided
and only LOS path is captured [60]. The difference in path

FIGURE 7. Measurement of the antenna XPD at (a) 6.75 GHz with 15 dBi, 30◦ HPBW
WR137 horn antennas, and (b) 16.95 GHz with 20 dBi, 15◦ HPBW WR62 horn antennas.

loss (PL) between the co-polarized (V-V or H-H) and cross-
polarized (V-H or H-V) configurations at a T-R separation
distance, d, yields the XPD, as shown in (1). A mean XPD
of 35.75 dB is observed at 6.75 GHz with σXPD = 1.12 dB.
Likewise, mean XPD at 16.95 GHz is obtained as 38.41 dB
with σXPD = 1.01 dB.

XPD(d)[dB] = PLV−V(d)[dB] − PLV−H(d)[dB], (1)

where,

PL[dB] = Pt[dBm] − Pr[dBm] + GTX[dBi] + GRX[dBi]
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Pt in (1) denotes the transmit power recorded with
the Keysight N1913A power meter during calibration
(Section III-A). Pr represents the power in the first arriving
multipath in the PDP. GTX and GRX are the antenna gains.

C. MEASUREMENT PROCEDURE AT INH T-R LOCATIONS
The InH multipath statistics are obtained by capturing the
propagation delay, power, AOD, and AOA of all MPCs at
each TX-RX location in a two-step process: rapid RX scans,
followed by RX azimuthal sweeps in HPBW steps.
First, the RX completes rapid continuous azimuthal scans

(rapid scan) for each TX boresight AOD to rapidly determine
the TX AODs with significant energy received at the RX.
To initiate the rapid scans, as taught in [52], the TX and RX
are pointed at the direction with strongest received power;
boresight in LOS and a strong reflection direction in NLOS.
The strongest received power is ascertained by moving the
TX and RX antennas in one-degree steps observing fractions
of a dB change in the received power. This careful, vernier
pointing approach allows us to identify the center, or exact
pointing angle, for maximum power of the strongest MPC
that arrives in the captured PDP. For each TX AOD, the RX
performs a continuous 360◦ rapid scan across the azimuth
plane. The TX is rotated in increments of HPBW until
rapid scans are performed for each AOD. For each TX
AOD the strongest peak received power is recorded within
the PDP. A threshold value is established at 30 dB below
the strongest received peak power across all TX AODs.
Only the TX AODs with peak received power exceeding
this threshold are selected for the RX azimuth sweeps. The
rapid scans allow a capture of the complete AOD statistics
at each TX-RX location, whereas campaigns before [52]
relied on performing the RX azimuth sweeps for just the
strongest few AOD selected through visual estimation or a
TX azimuth sweep for the strongest RX AOA [54]. While
the past approach was accurate [61], the current method is
more complete and faster, as well.
Once key TX AODs are identified through rapid scan, the

TX is pointed to the strongest TX AOD and the RX AOA
with the strongest received power is identified. The PDP
captured for this AOD-AOA pair is stored and the highest
peak in the PDP is marked as the ‘reference MPC’ for
implementing PTP synchronization [55]. After RX completes
each azimuthal sweep, the TX and RX return to the AOD-
AOA pair of the reference MPC and recapture the PDP
to correct any drift in the propagation delay accumulated
during an azimuthal sweep to implement successive drift
correction [55, Algorithm I].
With key TX AODs and the reference MPC identified,

the RX azimuthal sweeps, where the RX is rotated 360 ◦ in
the azimuth in HPBW increments, are initiated to capture
multipath in the channel. Five different RX azimuthal
sweeps, as shown in Table 5, are completed for each TX
AOD. With the TX and RX at boresight elevation, the RX
steps through the azimuth in HPBW steps, referred to as
Sweep#1 in Table 5. At each AOA, during the azimuthal

TABLE 5. TX/RX elevation angles for different RX azimuthal sweeps for a fixed TX
azimuth angle at each TX-RX location.

scans, the RX averages 20 instantaneous PDPs and logs
the system and spatial information corresponding to the
captured directional PDP. In the 16.95 GHz FR3 campaign,
an RX azimuthal sweep includes 24 AOAs corresponding
to the 15◦ HPBW (15◦×24 = 360◦), while the 6.75 GHz
FR1(C) campaign includes 12 AOAs using a 30◦ HPBW
(30◦×12 = 360◦). The spatial resolution capability for
the captured MPCs is determined by the resolution of
the antenna pattern available for the antenna. Although
the wider beamwidth may capture multiple MPCs that
are not resolvable in space within the measured PDP, de-
embedding methods can be applied to extract MPC angles
with a degree resolution. Methods such as the antenna de-
embedded multipath extraction (ADME), described in [62],
are employed during post-processing for one-degree spatial
resolution of MPCs.
Omnidirectional PDPs are synthesized from directional

PDPs using the method described in [61] despite differ-
ent antenna beamwidths to obtain omnidirectional channel
statistics in Sections V and VI. Combining the directional
PDPs captured during the azimuth sweep, stepping the
TX/RX antenna in HPBW steps results in a flat gain
profile across the azimuth plane, as detailed in [61]. The
assumption is that the antenna gain is flat across the 3-dB
beamwidth, which is a reasonable approximation since if an
MPC arrives at an angle that falls at the edge of the RX
antenna HPBW, the adjacent pointing direction shall receive
additional energy, which is considered in the overall received
power computation. This was rigorously proven in [61] using
both field measurements and canonical antenna patterns.
Similarly, the TX/RX antenna elevation is also changed
based on the HPBW of the horn antenna employed. As a
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result, the MPCs are captured in 3D space with a flat gain
profile equaling the boresight antenna gain in magnitude,
which was proven analytically and experimentally to be
remarkably accurate [61].
Following Sweep#1, for the same particular TX AOD, the

RX elevation is down- and up- tilted by HPBW for sequential
azimuthal sweeps (Sweep#2 and Sweep#3 in Table 5). For
Sweep#4, the TX elevation is downtilted by HPBW and the
azimuthal sweep is performed with RX at boresight elevation.
Then, Sweep#5 is conducted with both TX and RX downtilted
by HPBW. The TX then moves to the next identified TX
AOD and the five RX azimuthal sweeps are repeated until all
identified TX AODs are measured. After the TX steps through
all identified AODs, the RX azimuthal sweeps are repeated
for a cross-polarized (V-H) antenna configuration, whereby
the TX horn antenna is oriented in V-polarization and the RX
horn antenna in H-polarization. Using the measured cross-
polarization discrimination of 35.7 and 38.4 dB at 6.75 GHz
and 16.95 GHz respectively (Section IV-B), only the TX
AODs that exhibited a peak received power in co-polarized
(V-V) configuration of 30 dB above the noise floor during
rapid scans are measured. The attenuation at RX must be
lowered to capture the much weaker multipath in the V-H
configuration due to increased cross-polarization propagation
loss [63]. This exhaustive, detailed approach requires about
4-5 hours for each T-R location pair, allowing for 2 locations
to be measured per day.
After collecting directional PDPs from RX azimuthal

sweeps over all key TX AODs at a T-R location pair, post
processing on measured PDPs is conducted by applying a
power threshold to each directional PDP. The higher received
power of either 5 dB above the noise floor or 25 dB below
the PDP peak is selected as the threshold and powers below
it are ignored in the processing of channel statistics [57,
Sec. IV-B]. The power azimuth spectrum (PAS) generated
from the directional PDPs at each T-R location produced wide
spatial lobes with power received at several contiguous HPBW
pointing directions. A spatial lobe is defined as contiguous
pointing directions with received power exceeding a spatial
lobe threshold (SLT) in the PAS, below which powers in
the PAS are ignored for calculating angular statistics such as
RMS AS (Section VI) [57]. An SLT of 10 dB below the peak
received power in the PAS (orange dotted-circle in Figure 8)
is used for defining the spatial lobes in the InH campaigns.
An example of a PAS recorded for different TX AOD and
RX AOA in the 16.95 GHz campaign for the TX1-RX2 pair
(Figure 6) is depicted in Figure 8.

D. MEASUREMENT OF PENETRATION LOSS OF
BUILDING MATERIALS
The penetration loss, L, for a partition or material using
both co-polarized or cross-polarized antenna configuration, is
determined by observing the difference between the received
powers, Pr, at identical T-R separation distances, first in
free-space and then with the MUT placed halfway between
the line-of-sight path from TX to RX, with a path that is

FIGURE 8. Power Azimuth Spectrum for TX1-RX2 in the 16.95 GHz campaign at:
(a) RX AOAs (b) TX AODs. [T-R separation: 27 m].

perpendicular to the width of the MUT (e.g., on boresight,
or on normal incidence), given by (2). Pr in (2) is obtained
as the power received in the first arriving multipath in
the captured PDP ignoring the other multipath [16], [59].
The 1 GHz bandwidth channel sounder allows temporal
resolution of multipath up to 1 ns apart (e.g., 1 foot or 0.3 m)
to ensure that reflected multipath are not within the first
arriving LOS multipath component in a PDP and thus
avoiding frequency selectivity of narrowband systems [60].

L[dB] = PFSr [dB] − PMUTr [dB], (2)

Measurements are made for three T-R separation distances
of 2.0, 2.5, and 3.0 m (all measured distances are in the
far field). Following the measurement of PFSr , the MUT (the
MUT dimensions exceed 15 × λ in all directions for each
MUT) is placed halfway between the TX and RX to ensure
the entire wavefront from each horn antenna illuminates the
MUT. When measuring in-situ partitions, such as a drywall
partition in an indoor corridor or wooden doors in rooms
that prevented the TX and RX from being spaced equally,
the TX is placed at a fixed separation of 1 m, while the RX
is moved further at distances ranging from 1 to 2 m from
the MUT to achieve the overall T-R separation distance of
2 to 3 m.
After positioning the TX and RX on either side of the

MUT with a fixed separation, the TX and RX antenna
orientations in both co and cross polarization are adjusted to
establish a boresight configuration with the strongest first-
arriving (LOS) multipath component. To mitigate potential
RX antenna misalignment effects due to large HPBWs, the
RX antenna is subsequently moved in azimuth and elevation
by 1◦ increments around its boresight, resulting in a total
of five PDPs recorded at each RX pointing direction. The
penetration loss, L, at each distance is obtained by subtracting
the linear average of these five recorded powers expressed
in dB, PMUTr from PFSr , as shown in (2). Once L at each
distance is calculated, the average penetration loss for the
MUT is recorded as the mean of L in linear scale at the
different distances. Thereafter, PMUTr and PFSr are obtained
for V-H, H-V, and H-H antenna polarization. Finally, LVV

VOLUME 5, 2024 5203



SHAKYA et al.: COMPREHENSIVE FR1(C) and FR3 LOWER AND UPPER MID-BAND PROPAGATION

FIGURE 9. Panels of different MUTs, such as drywall and wood were measured in a
lab setup, whereas partitions, such as IRR glass walls required TX and RX set up on
both sides of the MUT.

and LHH are linearly averaged to obtain L for co-polarized
antennas, and LVH and LHV for cross-polarized antennas.

Ten common indoor materials are measured. Panel sheets
of the all the tested MUTs are employed to ensure a uniform
material upon which the incident wavefront impinges.
Images of the materials and partitions being measured are
shown in Figure 9 and specifications are listed below:

• Drywall panel: Penetration through a USG Sheetrock
brand gypsum drywall panel is measured. Dimensions
of the drywall sheet are 4 ft×8 ft with 3 cm thickness.

• Birch Wood panel: A thick Birch plywood panel
with 13 plies pressed together is used as the MUT
for penetration measurement. The plywood panel has
dimensions of 4 ft×8 ft with 2 cm thickness.

• Whiteboard: A rollable glass whiteboard with front
and back writing faces is used for the penetration
measurement. The whiteboard has a tempered glass
finish over the laminated backing and is mounted on a
metallic rollable frame. Dimensions of the whiteboard
are 72”×40” with 3 cm thickness.

• Low-emissivity (low-e) or Infrared reflective (IRR) glass
window: The window used for the measurement is a
59”×59” sliding panel with low-e double pane glass.
Argon gas is filled in the cavity between the two panes
and the window has a U-value rating of 0.29 (insulating
capability of the glass, lower values indicate greater
insulation [64]). Total thickness of the two panes is 2 cm.
The outer frame of the window is white vinyl plastic.

Other common building partitions and walls such as
plasterboard wall, cinderblock wall, and doors found in-
situ within the building were also measured. An O2I
penetration was measured with the massive glass curtain

wall on the perimeter of the 370 Jay Street building. The
details of the in-situ indoor and O2I partitions are as
follows:

• Wooden Door: Large capacity lecture halls at the NYU
Tandon School of Engineering have a large wooden
double door. The door is made of a fire safety rated solid
wood core with 4.5 cm thickness. The door has door
handles on one side and a push bar on the other side. The
TX and RX heights were raised for the incident wave to
impinge on a uniform door surface.

• Steel Door: Hallway entrances and some labs in the 370
Jay Street building at NYU Tandon use large doors with a
skin of steel material. The steel door also has a metal push
bar at the middle of the door. The TX and RX heights
were raised to ensure penetration loss of a uniform steel
door (without the metal push bar) was captured.

• Clear glass wall: The measured partition is a single
panel transparent glass wall without any coating having
0.5 cm thickness used on the periphery of the Wireless
RF Propagation Lab at 370 Jay Street.

• Low-e or IRR glass wall: The 370 Jay Street building
has a glass curtain wall on the ground floor. Double-
pane tinted glass with 1/2" thick panels and Argon gas
filling between the glass panes is used for the curtain
wall with individual panels supported by a metal frame.
Additionally, the glass is tinted to reduce visibility from
the outside and enhance thermal efficiency. The glass
achieves a U-value of 0.26. The total thickness of the
glass panels is 3 cm.

• Cinderblock wall: Some classroom partitions on the
NYU campus are cinderblock walls with a coat of paint.
The cinderblock wall measures 22 cm thick. Some
foam soundboards are placed with irregular spacing
on the concrete walls for sound absorption in the
classroom.

• Plasterboard wall: The room partitions in the NYU
WIRELESS Research Center are composed of sheets
of drywall (or plasterboard) placed on a metal frame.
Typical thickness of such partitions are 13.7 cm. Some
plasterboard partitions are also known to have metal
studs between the sheets. A stud detector helped
ensure no studs were present in the region of the
measurement.

The collection of the data from propagation measurements
at the 20 InH T-R locations and penetration measurements
for ten different materials and partitions is followed by post-
processing using methods described in Sections V–VII to
yield meaningful statistics, results and comparisons.

V. LARGE SCALE PATH LOSS
The CI 1 m free space reference distance model (3),
for describing the path loss is employed on the direc-
tional and omnidirectional path loss measurements. The CI
model efficiently describes PL with a single PLE (n) with
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TABLE 6. Directional and omnidirectional CI PL model parameters for 6.75 and 16.95 GHz FR1(C) and FR3 InH campaigns, with comparison at 28, 73 and 142 GHz FR2
campaigns, and 3GPP models [66].

remarkable accuracy while being insensitive to measurement
environment [28], as demonstrated in [54, Appendix A].

PLCI(fc, d3D) [dB] = FSPL(fc, 1m)

+ 10n log10

(
d3D

d0

)
+ χσ ,

FSPL(fc, 1m) = 32.4 + 20 log10

(
fc

1 GHz

)
, (3)

where FSPL(fc, 1 m) is obtained for carrier frequency fc
GHz at 1 m, n is the PLE, and χσ is large-scale shadow
fading (zero-mean Gaussian r.v. with s.d. σCI in dB) [65].

The CI path loss model is extended for measurements
conducted with V-H cross-polarized antennas by adding
the constant attenuation parameter of the XPD. The model
is known as the close-in reference distance with XPD
(CIX) path loss model and uses the same PLE obtained
from the CI path loss model for co-polarized V-V antenna
measurements measured at identical locations. The XPD is
evaluated by finding the minimum mean square error to best
fit the measured cross-polarized path loss data with the PLE
obtained from CI path loss modeling [52], and is derived
in [54, Appendix A].

A. DIRECTIONAL PL MODELING
The evaluation of directional PL is based on the definitions
for LOS, NLOSBest, NLOS presented in [65, Table IV],
where NLOSBest refers to the NLOS pointing direction
with strongest received power in NLOS locations. Further,
the NLOS definition encompasses non-boresight pointing
directions in an azimuth sweep for T-R links with a clear
visual boresight path. The scatter plot of the recorded PL in
V-V configuration and the CI PL models are presented in
Figure 10, with antenna gains removed. Scatter plots for the
PL recorded in V-H configuration and the XPD evaluated
from CIX PL models, with antenna gains removed, are
presented in Figure 11.

FIGURE 10. InH directional CI PL models and scatter plot for V-V polarization,
removing antenna gains, at: (a) 6.75 GHz FR1(C); (b) 16.95 GHz FR3. [T-R separation:
11–97 m].

B. OMNIDIRECTIONAL PL MODELING
The omnidirectional received power is obtained by summing
the directional received powers at each unique non-
overlapping azimuth and elevation pointing angles removing
the antenna gain, following the method taught in [61]. The
scatter plots for CI and CIX modeling for the omnidirectional
PL evaluated for V-V and V-H antenna configurations are
presented in Figure 12 and 13, respectively.
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FIGURE 11. InH directional CIX PL models, scatter plot, and XPD for V-H
polarization, removing antenna gains, at: (a) 6.75 GHz FR1(C); (b) 16.95 GHz FR3. [T-R
separation: 11–97 m].

The CI PL model results for directional and omnidi-
rectional PL, removing the antenna gains, are tabulated in
Table 6 along with results from past measurement campaigns
in indoor offices at mmWave (FR2) frequencies.
The LOS PLE is obtained as 1.48 at 6.75 GHz and 1.45

at 16.95 GHz, which are slightly lower (i.e., the channel
is less lossy) than the directional LOS PLEs at 28, 73,
and 142 GHz (1.7, 1.63, and 2.05, respectively). Further,
the NLOS directional PLE at 6.75 and 16.95 GHz are 3.34
and 3.91, which are significantly lower than the PLEs at
28, 73, and 142 GHz (4.4, 5.51, and 4.6, respectively).
The NLOSBest PLEs are found to be 3.05 and 3.49 at
6.75 and 16.95 GHz, respectively, which are comparable
to higher mmWave channels. The CIX modeling for the
directional PL yielded XPDs of 17.9 dB, 12.6 dB and
7.1 dB for LOS, NLOSBest, and NLOS, respectively at
6.75 GHz. Likewise, at 16.95 GHz, the XPDs obtained are
25.4 dB, 18 dB, and 10.2 dB in LOS, NLOSBest, and NLOS,
respectively.
The omnidirectional PL modeling resulted in LOS PLEs

of 1.34 at 6.75 GHz and 1.32 at 16.95 GHz. Similarly,
NLOS PLEs of 2.72 and 3.05 are obtained at 6.75 GHz
and 16.95 GHz, respectively, which are similar to the
PLE values at the mmWave frequencies. As shown in
Table 6, the 3GPP implementation of the CI model assigns
a constant PLE across frequencies in both LOS and NLOS
[69]. The omnidirectional XPDs from CIX modeling at
6.75 GHz are obtained as 14 dB and 11.14 dB in LOS

FIGURE 12. InH omnidirectional CI PL models and scatter plot for V-V polarization,
removing antenna gains, at: (a) 6.75 GHz FR1(C); (b) 16.95 GHz FR3. [T-R separation:
11–97 m].

and NLOS, respectively. Similar modeling at 16.95 GHz
resulted in XPDs of 22.1 dB in LOS and 19.6 dB
in NLOS.

VI. SPATIO-TEMPORAL INH STATISTICS
A. RMS DELAY AND ANGULAR SPREAD
The RMS DS is a measure of the temporal dispersion
of multipath in a wideband channel. The power threshold
of 25 dB below PDP maxima or 5 dB above noise floor,
discussed in Section II-A, is used to calculate RMS DS.
The mean of the RMS DS observed in the directional PDPs
captured in the 6.75 GHz campaign is obtained as 20.6 ns
and 28.7 ns in LOS and NLOS, whereas, the directional
RMS DS from the 16.95 GHz measurements are obtained as
19.5 ns and 14.9 ns. After synthesizing the omnidirectional
PDP for each TX-RX location [61], the RMS DS in the
omnidirectional PDP is observed as 37.7 ns and 48 ns in LOS
and NLOS at 6.75 GHz, and 22.1 ns and 40.7 ns in LOS and
NLOS at 16.95 GHz. It is clear that the 6.75 GHz band has
slightly greater RMS DS compared to the 16.95 GHz band.
Further, Table 7 compares the RMS DS with measurement

results at higher frequencies and for identical frequencies
from the 3GPP model [66]. The RMS DS experiences a clear
decreasing trend with increasing frequency, which is evident
across both directional and omnidirectional RMS DS values
in LOS and NLOS conditions. The RMS DS observations
agree with the decreasing trend with increasing frequency
modeled in 3GPP. At 6.75 GHz, the 3GPP model yields
omnidirectional RMS DS values for LOS and NLOS as 19.9
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FIGURE 13. InH omnidirectional CIX PL models, scatter plot, and XPD for V-H
polarization, removing antenna gains, at: (a) 6.75 GHz FR1(C); (b) 16.95 GHz FR3.
[T-R separation: 11–97 m].

ns and 37.8 ns, respectively. Similarly, at 16.95 GHz (3GPP),
the RMS DS values are 19.75 ns and 29.9 ns for LOS and
NLOS, closely matching our data.
The RMS AS captures the azimuthal angular dispersion

in the PAS, as shown in Figure 8. Figure 15 shows the
CDF of the lobe and omni AS for the AOA PAS at 6.75
and 16.95 GHz for both LOS and NLOS scenarios. Mean
RMS AS at 6.75 GHz and 16.95 GHz are tabulated in
Table 7. The mean AS is found to be higher in NLOS
than LOS for both lobe and omni AS, which has also been
reported at higher frequencies [67], [68]. Omni AOA AS
(ASA) are observed at 41◦ in LOS and 58◦ in NLOS at
6.75 GHz, whereas they are found lower at 16.95 GHz at 34◦
in LOS and 43◦ in NLOS. Comparing the measured RMS
AS values with the 3GPP model, at 6.75 GHz (3GPP), the
omnidirectional ASA values for LOS and NLOS are 40.9◦
and 58.2◦, respectively. At 16.95 GHz (3GPP), the values are
34.89◦ and 53.09◦ for LOS and NLOS, respectively. 3GPP
also models a decreasing trend of RMS AS with increasing
frequency. This further confirms less multipath dispersion in
both time and space at higher mmWave frequencies, as seen
in [67], [68].

B. NUMBER OF TIME CLUSTERS AND MPCS PER
CLUSTER
The numbers of time clusters and MPCs per cluster are
determined based on the minimum inter-cluster time void
interval (MTI). The MTI is the minimum time interval

FIGURE 14. InH LOS and NLOS RMS DSs calculated at different frequencies and
conditions: (a) Directional at 6.75 GHz; (b) Directional at 16.95 GHz; (c) Omni at
6.75 GHz; (d) Omni at 16.95 GHz.

between two separate time clusters. A larger MTI results in
fewer time clusters with more MPCs per cluster [67], [68].
An MTI of 6 ns (determined by the corridor width at
NYU WIRELESS, 2 m) is used for processing in this
paper [57], [67]. The directional TCs are determined from
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TABLE 7. RMS DS and AS characteristics from 6 GHz to 142 GHz for LOS and NLOS conditions in indoor environments and comparison to 3GPP models [66].

directional PDPs generated following definitions highlighted
in Section V-A. The resulting statistical mean of the numbers
of time clusters (TC) and MPCs per cluster are tabulated
in Table 7. Observing the mean values for number of TCs
and MPCs in TCs, a clear decrease in total MPCs at higher
frequencies indicating a sparser channel. The behavior is
completely different from the constant numbers of TCs
and MPCs in TCs used in the 3GPP modeling suggesting
revisions for models for both TC and MPCs in each TC.
The adoption of high-gain directional antennas for the

implementation of mmWave and sub-THz frequencies has
seen enhancements in beamforming and beam-searching
algorithms [70], [71], [72]. However, the sparsity of mul-
tipaths in the channel, as indicated in Table 7 at higher
frequencies and susceptibility to blockage has proved a
challenge for cellular services deployments. The FR1(C)
and FR3 frequencies show richer multipath channels with
greater temporal and spatial diversity, as shown in Table. 7.
Using directional antenna arrays, the results show promise
for greater throughput with multi-beam antenna combining
for link improvement and spatial multiplexing implemented
over higher rank channel matrices [44]. Past simulations
at 142 GHz using NYUSIM have found limited gain from

spatial multiplexing due to channel sparsity [73]. Further, a
strong isolation between the V and H polarizations, observed
from Figures 11 and 13 allow for an additional degree of
freedom in multiplexing.

VII. PENETRATION LOSS MEASUREMENT RESULTS
The penetration loss measurement results are presented
in Table 8 and also in Table 10 in the Annex. For both
co-polarized and cross-polarized antennas, the measured pen-
etration loss exhibits minimal variation across the employed
T-R separation distances. The co-pol penetration loss is cal-
culated by linearly averaging L evaluated for V-V and H-H,
while cross-pol penetration loss is obtained via the linear
average of L for V-H and H-V, as detailed in Section IV-D.
The penetration loss at 6.75 GHz is consistently lower
compared to 16.75 GHz for both co and cross-polarized
configurations. The largest loss measured is for the steel
door exhibiting over 40 dB and 50 dB penetration loss
at the 6.75 GHz and 16.95 GHz frequencies, respectively.
The low-e glass curtain wall, used on the building outer
surface, also exhibits strong attenuation of over 30 dB at
both measurement frequencies for co and cross polarizations.
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FIGURE 15. InH LOS and NLOS RMS AS for AOA PASs at different frequencies:
(a) Lobe ASA at 6.75 GHz; (b) Lobe ASA at 16.95 GHz; (c) Omni ASA at 6.75 GHz;
(d) Omni ASA at 16.95 GHz.

The low-e window also shows significant attenuation, inter-
estingly, loss for the cross-polarized configuration is much
lower compared to the co-polarized measurements (29.7 dB
Co Pol; 15.3 dB Cross Pol @ 6.75 GHz, and 32.68 dB Co
Pol; 19.52 dB Cross Pol @ 16.95 GHz). This indicates a

TABLE 8. Measured penetration loss of materials for Co-Pol and Cross-Pol for
FR1(C) and FR3.

strong dependence on polarization for low-e window glass
attenuation.
Figure 16 (a) depicts the penetration loss of ten materials

investigated in this paper at specific FR1(C) and FR3
frequencies, along with their penetration loss values in sub-
6 GHz, mmWave, and sub-THz bands, as reported in [10],
[20], [22], [23], [24], [74], [75], [76], [77], [78], [79].
To facilitate direct comparison of the material penetration
loss across the entire frequency range of 0.5-150 GHz, the
dB/cm penetration loss values for each material is multiplied
by their respective thicknesses. The comparisons reveal an
increasing penetration loss with increasing frequency for
all ten of the materials measured. For example, the yellow
rings for drywall in Figure 16(a) shows a clear increase
with frequency when measurements from this paper are
augmented with values reported in [74], [76], [78]. On the
other hand, Figure 16 (b) only shows the penetration loss
from the measurements conducted in this paper at 6.75
and 16.95 GHz.

A. COMPARISON WITH 3GPP MATERIAL PENETRATION
LOSS MODEL
Penetration loss data in the 7–24 GHz range is sparse in the
literature. Recent 3GPP discussions emphasize a critical gap
in channel measurement and O2I loss data for the 7–24 GHz
band. Over 80% of the channel measurement data submitted
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FIGURE 16. Penetration loss of various materials at different frequencies compared
with the 3GPP TR-38.901 material penetration models. (a) Range 0-150 GHz. (b) Range
0-30 GHz.

in 3GPP falls outside the 7–24 GHz band, concentrated
below 6 GHz or exceeding 28 GHz [80]. Thus, validation
of the 3GPP TR 38.901 model for material penetration loss
within the 7–24 GHz range is needed.
The current 3GPP model for material penetration loss

(Table 7.4.3-1, 3GPP TR 38.901 Release 18 [66]) provides
model parameters for concrete walls, IRR glass, standard
multipane glass (clear glass), and wood that vary linearly
with frequency. To compute the Root Mean Square Error
(RMSE), the measured penetration loss materials are com-
pared with materials in TR 38.901 as shown in Table 9.
The RMSE calculated between the measured and the 3GPP
predicted penetration losses for the materials at 6.75 GHz
and 16.95 GHz, demonstrates a close adherence to the
3GPP model for conventional materials like clear glass
(RMSE = 1.2 dB) and wood (RMSE = 2.4 dB). This
indicates the 3GPP model validity for wood and standard
multi-pane glass. Conversely, concrete walls and IRR glass
walls exhibit significantly higher RMSE values (42.9 dB
and 11.8 dB, respectively) at both frequencies. The 3GPP
model consistently under-predicts the loss for IRR glass.
However, for concrete walls, the observed discrepancy may
be attributed to measurements in this paper characterizing
penetration through an indoor cinderblock wall, which
differs substantially from the thicker building exterior walls
considered by the 3GPP model. Results suggest further
investigation may be required for 3GPP material penetration
models for IRR glass and concrete [69].

TABLE 9. Comparison of measured penetration loss materials and TR 38.901
materials.

VIII. CONCLUSION
The world’s first comprehensive indoor propagation measure-
ment campaign for the FR1(C) and FR3 frequency bands at
6.75 GHz and 16.95 GHz, conducted in the indoor office/labs
at the NYU WIRELESS Research Center was presented in
this paper. The enhanced NYU channel sounder with absolute-
timing measurement capability and co-located RF modules
at 6.75 GHz and 16.95 GHz was highlighted. Moreover, the
calibration and measurement procedures for location and
material penetration loss measurements were detailed. The
omnidirectional and directional CI PL modeling with a 1 m
free space reference distance showed a familiar waveguiding
effect in the indoor hallways with omni PLEs of 1.34 and 1.32
inLOSat 6.75 and16.95 GHz, respectively.Adecreasing trend
in RMS DS with increasing frequency was observed when
compared to mmWave FR2 frequencies, indicating multipath
rich propagation at the FR3 and FR1(C) frequencies. Typical
PASs showed widespread multipath arrival and departure
directions at both frequencies. The RMS AS was found
narrower at 16.95 GHz compared to 6.75 GHz.
Furthermore, the penetration loss exhibited by common

materials found indoors and on building perimeters was
reported in the paper. Penetration loss was consistently
observed to be lower at 6.75 GHz compared to 16.75 GHz
for co and cross-polarized antennas encompassing V-V, V-
H, H-V, and H-H configurations. Low-e glass windows
exhibited polarization-dependent attenuation of the signal.
Upon comparing with penetration loss measurements at
mmWave and sub-THz frequencies, the materials exhibited
increasing loss at higher frequencies. Comparisons with the
3GPP models for material penetration show close adherence
for wood and clear glass, while IRR glass and concrete
showed RMSE errors above 10 dB, suggesting revisions may
be required to current models. Reported material character-
istics provide valuable information for future 5G and 6G
wireless systems in the FR1(C) and FR3 upper mid-band
spectrum. The empirical data and models showcased here
will provide insights for future indoor propagation modeling
in the frequency bands, supporting the analysis and design
of future 5G and 6G wireless systems and networks in the
upper mid-band spectrum.

IX. ANNEX: REPORTED MATERIAL PENETRATION LOSS
A. MATERIAL PENETRATION LOSS IN FR1(C) AND FR3
See Table 10.
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TABLE 10. Survey of penetration loss of materials in FR1(C) and FR3 bands from 4–24 GHz.

(Continued)
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TABLE 10. (Continued.) Survey of penetration loss of materials in FR1(C) and FR3 bands from 4–24 GHz.
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TABLE 10. (Continued.) Survey of penetration loss of materials in FR1(C) and FR3 bands from 4–24 GHz.
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TABLE 10. (Continued.) Survey of penetration loss of materials in FR1(C) and FR3 bands from 4–24 GHz.
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TABLE 10. (Continued.) Survey of penetration loss of materials in FR1(C) and FR3 bands from 4–24 GHz.
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