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ABSTRACT Millimeter-wave (mmWave) communications promise Gigabit/s data rates thanks to the
availability of large swaths of bandwidth between 10–100 GHz. Although cellular operators prefer the lower
portions of the spectrum due to popular belief that propagation there is more favorable, the measurement
campaigns to confirm this – conducted by ten organizations thus far – report conflicting results. Yet it is not
clear whether the conflict can be attributed to the channel itself – measured in different environments and
at different center frequencies – or to the differences in the organizations’ channel sounders and sounding
techniques. In this paper, we propose a methodology to measure mmWave frequency dependence, using
the 26.5–40 GHz band as an example. The methodology emphasizes calibration of the equipment so
that the measurement results represent the channel alone (and not the channel coupled with the channel
sounder). Our results confirm that free-space propagation is indeed frequency invariant – a well understood
phenomena but to our knowledge reported nowhere else at mmWave to date. More interestingly, we found
that specular paths – the strongest after the line-of-sight path and so pivotal to maintaining connectivity
during blockage – are the least invariant compared to weaker diffracted and diffuse paths.

INDEX TERMS 5G, calibration, channel, channel sounder, channel sounding, mmWave, synthetic aperture,
wideband SAGE, wideband super-resolution algorithms, wireless systems.

I. INTRODUCTION

CELLULAR providers are migrating to the millimeter-
wave (mmWave) bands – in practice 10–100 GHz –

where swaths of bandwidth are available, offering more
options than at microwave when auctioning off spectrum.
So naturally variation in propagation across the spectrum is
of keen interest. Popular belief is that propagation loss at
higher frequencies is greater than at lower frequencies. This
stems from Friis transmission equation [1], which assumes
that the aperture length of antennas is half wavelength, trans-
lating to greater pathloss at higher frequencies simply due
to smaller effective antenna area, not to the channel itself. It

is well understood, however, that for fixed effective antenna
area, the line-of-sight (LoS) propagation path is actually
frequency invariant [2]. What remains is multipath that arises
from reflection, diffraction, refraction, etc. These paths are
essential for maintaining wireless connectivity when the LoS
path is blocked – a condition known as NLoS – faced often
at mmWave since the channel suffers from much greater pen-
etration loss than at microwave [2], [3]. It is the frequency
dependence of the multipath that is not well understood.
A significant body of work has been amassed on the

frequency dependence of the channel across the mmWave
bands, from ten organizations [4]–[16] over the past six
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TABLE 1. Reported frequency dependence of the pathloss exponent, RMS delay spread, and RMS angle spread.

years. Most papers report the dependence of the pathloss
exponent, the RMS delay spread, and the RMS angle spread
in azimuth (AZ) and elevation (EL). Table 1 provides a
summary of the findings for each of these channel met-
rics, expressed either as increasing (↑), decreasing (↓), or
exhibiting no trend (↔) over frequency: The pathloss expo-
nent in LoS / NLoS is reported to either increase or exhibit
no trend, and so at least appears to not decrease; remark-
ably, in [6], [7] the pathloss is better at 140 GHz than at
28 GHz and at 73 GHz with directional antennas but worse
with omnidirectional antennas. In LoS, the delay spread
increases, decreases, or exhibits no trend, whereas in NLoS
it either increases or exhibits no trend. The AZ spread either
decreases or exhibits no trend while the EL spread, when
reported, either increases or decreases.
It is difficult to garner a clear understanding of frequency

dependence from the results that have been reported thus far,
yet this is not due to lack of measurements. So either the
results are accurate and the channel exhibits very complex
behavior, or the results reported are specific to the channel
sounders and sounding techniques used for measurement,
which vary drastically between organizations. To minimize
the impact of the latter in order to study the former, special
care must be taken to calibrate (i.e., de-embed) the channel
sounder equipment from the measurements, so the depen-
dence reported represents the channel alone (and not the
channel coupled with the channel sounder).
The conventional procedure for calibration is to dis-

connect the antennas from the channel sounder and to
calibrate the RF front ends between the antenna ports
and the antennas separately.1 To calibrate the front
ends, a full two-port calibration is prescribed for vec-
tor network analyzer (VNA)-based systems [8], [13], [16];
other correlation-based systems employ a back-to-back
method [9]–[12], [15]. These calibration procedures have
been well established for years and so are relatively standard
and straightforward, yet some do not calibrate the front ends
at all [4]–[7].

1. The conventional procedure cannot be applied to all systems, e.g., with
integrated phased-array antennas since the RF front ends and the antennas
reside on the same printed circuit board. As such, over-the-air (OTA) cal-
ibration procedures are necessary [28], [29] – but that is not the case for
any of the systems considered in this paper.

Next is calibration of the antennas. Most of the aforemen-
tioned papers sound the channel by scanning a pair of horns
at the transmitter (T) and receiver (R) via mechanical rotators
and recording the channel impulse response (CIR) between
each scan pair – horns are the antenna of choice because
their directional patterns provide high gain to compensate for
the greater pathloss at mmWave. Distinct propagation paths
in the CIRs are discriminated as peaks arriving with different
delays. The antennas are subsequently de-embedded from the
measurements by dividing the received power of the paths
by the boresight antenna gains of the scan pair, to obtain
path gain. The problem with this approach is that paths will
arrive not only with different delays, but also at different
angles; and the farther the angle from boresight, the greater
the estimation error in path gain. This effect is exacerbated
at narrower beamwidths since the roll-off in antenna gain is
steeper with angle. Another problem with this approach is
that a single path will be detected by multiple scan pairs and,
even though its angle is the same over all pairs, the path will
be detected with different antenna gains per scan by virtue
of the rotating horns. This can be especially problematic for
antennas with radiation patterns having strong back lobes,
as many horns do. As such, the single path will be counted
multiple times and each time with a different path gain. This
effect is exacerbated at wider beamwidths since the roll-off
in antenna gain is gentler with angle, so more steer pairs
will detect the single path.
The two contrasting beamwidth effects described above

inevitably tie the channel metrics computed to the antennas
employed. To mitigate the effects, super-resolution algo-
rithms such as CLEAN [30], SAGE [31], RiMAX [32],
MUSIC [33], and ESPRIT [34] synthesize the paths detected
across the scan pairs into a unique set of paths, and as a
biproduct estimate the path angles so that antenna gain can
properly be de-embedded based on the path’s actual angle
(not the pair’s boresight angles). Yet, super-resolution algo-
rithms are implemented only in [16]. And to enable precision
antenna de-embedding, it is spherical angle (AZ and EL) that
must be estimated, yet only a few papers do [9]–[11], [16]
– the others either estimate AZ only [12], [13] or no angle
at all. Finally, although an antenna may be classified as
omnidirectional [15], antenna gain is never truly omnidirec-
tional in both planes and so its effects on estimated path
gain cannot be ignored.
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Aside from the angular dependence of antennas, because
the antennas employed in the cited papers are all wideband,
their gain is also frequency dependent. So to enable precision
antennas de-embedding, the antenna must be characterized
both as a function of spherical angle and of frequency –
as is done in [16] – whereas the other cited papers simply
approximate antenna gain at the center frequency of the
band. Aside from calibrating the RF front ends and antennas,
calibration of the RF cables is essential, yet none of these
papers has considered it thus far.
In any case, when different channel sounders are deployed

by different organizations to record measurements [14], a
meaningful comparison across bands is difficult to obtain
since specific calibration procedures will vary from organiza-
tion to organization. This is true even when different channel
sounders are used by the same organization [4]–[8], [15]
since calibration is never perfect. The comparison is more
meaningful when the same organization uses the same
channel sounder across all bands, albeit with different
antennas [9]–[12]. When possible, it is preferable to use both
the same channel sounder and the same antennas across all
bands, yet this has not been done this far. In addition, the
bands evaluated should have the same widths so that the
delay resolution – this is critical to super-resolution algo-
rithms – and the noise power2 are the same, but this is the
case only for [9], [10], [12], [13]. Finally, for a controlled
study of frequency dependence, the environment considered
must be exactly the same across all bands, but this is not
the case in [6], [7], [13].
In this paper, we propose a methodology to measure

frequency dependence across the mmWave spectrum, con-
sidering the 26.5–40 GHz band as an example. Our channel
sounder is VNA based, coupled with a robotic arm that
traces out a virtual phased-array antenna [17]–[27]. The main
advantage of the virtual array versus the mechanical rotators
that the other papers employ is that the beam synthesized by
the array can be electronically steered towards any direction
within the antenna beamwidth in postprocessing, render-
ing enhanced precision in angle estimation. The three main
contributions of our work are:

1. Calibration procedures to de-embed the channel
sounder equipment from the measurements, namely
full two-port calibration of the VNA including the
effects of cabling, characterization of the antennas
both in spherical angle and in frequency, and position
calibration of the robotic arm (Section II);

2. An extended implementation of SAGE, which like [16]
de-embeds the antennas in both spherical angle and
frequency, but since ours is a single channel sounder
with a single pair of antennas, extracts the contin-
uous frequency dependence across the band from a
single measurement, lest the disjoint analyses per band
conducted in [16] for which a different number of

2. In [7], the IF bandwidth was adjusted to compensate for the different
noise power of the different bandwidths.

paths may be extracted from each. Rather, we pro-
vide the continuous frequency dependence for each
path extracted (Section III);

3. Measurements in two real environments – an industrial
environment and a conference room – and classifica-
tion of the paths against the objects on which they
were incident, as well as classification of the incidence
as either a specular reflection, diffraction, or diffuse
reflection, to understand the frequency dependence of
each (Section IV).

The last section is reserved for conclusions.

II. SAMURAI CHANNEL SOUNDER
This section describes the NIST SAMURAI (Synthetic
Aperture Measurement UnceRtainty for Angle of Incidence)
channel sounder [35], [36], for recording channel measure-
ments. The system hardware is first described, followed by
procedures implemented to calibrate the system.

A. SYSTEM DESCRIPTION
A photograph of the SAMURAI channel sounder is displayed
in Fig. 1. The T and R antennas are matching, vertically
polarized pyramidal horns with 17 dBi boresight gain and
23◦/24◦ beamwidth in AZ/EL. These are WR-28 waveguide
antennas (Eravant SAR-1532-28-S23), which have a band-
pass region of B = 26.5 − 40 GHz, setting the bandwidth of
the system to 13.5 GHz. The antennas are mounted to WR-
28 waveguide fixtures which, in turn, are connected through
coaxial-to-waveguide adaptors and coaxial cables to the two
ports (T and R) of a VNA (Agilent N5245A3). The T horn
is fixed on a tripod while the R horn is mounted on the tip
of a robotic arm (Mecademic Meca5003). The T port at the
VNA transmits with 0 dBm power.
The frequency response of the channel H( fk) is uniformly

sampled at discrete frequencies fk in the band by the VNA. The
VNA measurements are used to determine S21, the ratio of the
wave going into the T antenna to the wave coming out of the
R antenna as if the source and load were perfectly matched to
50 �. The VNA calibration accounts for imperfections in the
instrument and the cables and corrects for reflections from
the antennas based on S11 and S22. The interval between
the K = 1351 sampled frequencies fk, k = 1 · · ·K in the
13.5GHz band is�f = 10MHz, corresponding to amaximum
unaliased delay of 1

�f = 100 ns, or 30 m in path length.

The bandwidth provides a delay resolution of �τ = 1
B =

0.07 ns, corresponding to 2.2 cm in path length resolution.
The instantaneous dynamic range per frequency sample (with
no averaging) is 120 dB, as determined by the intermediate
frequency (IF) bandwidth set to 100 Hz [35].
The spatial response of the channel HXi is uniformly

sampled at discrete antenna positions Xi = (xi, yi, zi) on
a synthetic aperture (a.k.a. virtual array) – hence the name
SAMURAI – traced out by the robotic arm at R. The arm has

3. Mention of product names does not imply endorsement by NIST. Other
products may work as well or better.
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FIGURE 1. SAMURAI channel sounder in five cylinders experiment. The receiver horn antenna is mounted on a robotic arm that traces out a 35 x 35 synthetic aperture that is
perpendicular to the ground, while the transmitter horn antenna is fixed on a tripod. An optical camera system estimates the aperture positions of the robotic arm to within 100
μm, and is also used to render a 3D CAD model of the environment, including ambient objects.

TABLE 2. SAMURAI channel sounder hardware.

six degrees of freedom in motion, and traces out a 35 x 35
array in the x-z plane perpendicular to the ground, emulating
a phased array with P = 1225 antennas at Xi, i = 1 · · ·P.
The frequency response is sampled at each spatial sample i,
yielding the spatial-frequency response HXi( fk). The spacing
between the antenna positions is determined by the Nyquist
rate of the signal, i.e., by half the shortest wavelength λMIN
in the band, which falls at fMAX = 40 GHz. This equates
to a spacing of λMIN

2 = c
2·fMAX = 3.75 mm, translating to an

aperture length and width of D = 12.75 cm. The boresight
of the R horn is aligned with the normal of the virtual array,
set to θ = (θA, θE) = (0◦, 0◦) as the origin of the global
coordinate system. Table 2 summarizes the hardware of the
SAMURAI channel sounder.

An actual phased array synthesizes an electronic beam
by coherently phasing its antennas, an operation known as
beamforming; to sample the space, the beam is scanned to
different angles. A virtual array, rather, samples the space
by scanning the positions on the array and beamforms to
different angles in postprocessing. One advantage of vir-
tual arrays to mechanical rotators is that the beam can be
scanned towards any direction within the antenna beamwidth
in postprocessing and, because virtual scanning is more
precise than mechanical scanning, renders more accurate
angle estimation. Another advantage is that the range of
the analog-to-digital converter can be maximized since the
power sampled across the virtual array will vary negligibly
given the centimeters spacing between positions; in contrast,
the power sampled across the beams scanned mechanically
will vary widely since the same paths will be detected with
different gains per scan by virtue of the highly directional
beams.
A significant disadvantage of a virtual array versus an

actual phased array is scan time. The time required to scan
the P = 1225 positions is about eight hours, so only one ori-
entation of the virtual array was examined, and the channel
was kept stationary during the measurement limiting the AZ
field-of-view at R to the AZ beamwidth of the horn (23◦). To
synthesize an omnidirectional field-of-view, as is done with
most mechanical rotators, the six degrees of freedom of the
robotic arm can be exploited to examine a total of eight orien-
tations of the virtual array, each shifted by 22.5◦ (within the
horn’s AZ beamwidth) with respect to each other; this how-
ever increases the scan time to 64 hours. Nevertheless, we
were able to extract many paths from the single orientation
examined to substantiate the methodology proposed.
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FIGURE 2. Frequency-dependent complex amplitude pattern of the R antenna, measured (a) magnitude vs. azimuth and elevation for fixed frequency (fC = 33.25 GHz)
(b) phase vs. azimuth and elevation for fixed frequency (fC = 33.25 GHz) (c) magnitude vs. frequency for fixed elevation (θE = 0◦) (d) phase vs. frequency for fixed elevation
(θE = 0◦).

B. SYSTEM CALIBRATION
Details of how the channel sounder is calibrated are provided
in this section, namely calibration of the antennas, the VNA
and coaxial cables, and the robotic arm.

1) ANTENNAS

The complex amplitude patterns of the T and R antennas
were characterized in an anechoic chamber according to the
near-field method in [37], sampled in spherical angle every
1◦ and in frequency every 100 MHz. As the beamwidth of
the horns is only 23◦/24◦ in AZ / EL, the characterization
was conducted solely in the positive hemisphere in both
planes (−90◦ ≤ θA ≤ 90◦, −90◦ ≤ θE ≤ 90◦). Fig. 2 shows
the magnitude and phase patterns of the R antenna over
spherical angle and over frequency.
Once characterized, the antennas were de-embedded from

the measurements as part of the SAGE super-resolution algo-
rithm, described in the next section. The antennas were
interpolated down from the 1◦ spherical grid to continu-
ous angle θ = (θA, θE) through the technique described

in [38]. Continuous interpolation in angle – justified by the
smooth roll off in magnitude and the linear phase4 evident in
Fig. 2(a) and (b) respectively – allows for any angle incident
on the antennas to be precisely de-embedded. The anten-
nas patterns were also interpolated down from 100 MHz to
�f = 10 MHz to align with the frequency response sampled
by the VNA, ultimately yielding complex amplitude patterns
gT( fk, θ) and gR( fk, θ). The smooth magnitude roll-off and
linear phase over frequency as well, evident in Fig. 2(c)
and (d) respectively, justifies the frequency interpolation.

2) VNA AND COAXIAL CABLES

The VNA was calibrated before each measurement to com-
pensate for any frequency dependence and reflections of the
measured S21 parameter in the measurement setup. The cal-
ibration procedure effectively normalizes the S21 parameter
at the measurement reference planes at the input ports of the
antennas to unity across the K = 1351 frequencies in the

4. The apparent discontinuities in phase in Fig. 2(b) are due to phase
wrapping.
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band. It was realized by disconnecting the T and R anten-
nas from the WR-28 waveguide fixtures and connecting the
fixtures to a series of Short, Open, Load, and Thru (SOLT)
standards, whose electrical properties have already been well
characterized as part of the calibration kit.
The coaxial cable on the R branch moves and flexes

as the robotic arm translates the antenna through the
P = 1225 positions in the 2D aperture. Through precision
uncertainty analysis [39], cable bending was determined to
introduce a maximum phase error of 2◦ (at 40 GHz) in the
measurements.

3) ROBOTIC ARM

The robotic arm has a manufacturer-specified positional error
within 0.1 mm. While sufficient for industrial applications
– for which it was designed – the positional error is equiv-
alent to 4.8◦ in phase error in our application, given that
the wavelength at 40 GHz is 7.5 mm. As such, an optical
camera is employed to record the actual positions traced
out by the arm on the 35 x 35 grid. The camera utilizes a
suite of ten cameras, each with 51◦ field-of-view, mounted
along the periphery of the measurement environment to take
snapshots at 180 frames per second of an optical marker
placed on the robot tip. The camera system is pictured in
Fig. 1. Once calibrated, the camera system synchronizes the
multiple snapshots and triangulates the position of the robot
tip to within a positional error of 0.01 mm, thus reducing
the uncertainty by a factor of 10. The positions of the robot
tip triangulated by the camera system are used in Xi for
beamforming, as described in the next section.

III. EXTRACTION OF CHANNEL PATHS
In this section, we propose a wideband version of SAGE
so that the frequency dependence of the channel paths, in
addition to their narrowband properties (complex amplitude,
delay, angle) for which it was designed, can also be extracted.

A. WIDEBAND BEAMFORMING
Given the architecture of the SAMURAI channel sounder,
the properties of the channel paths that can be estimated
are complex amplitude α and delay τ – by virtue of the
VNA – and spherical angle-of-arrival (AoA) θ = (θA, θE)

– by virtue of the 2D array at R. (Estimation of spherical
angle-of-departure (AoD) would require a 2D array at T
as well.) To extract these properties, the spatial-frequency
response HXi( fk) is transformed from the (Xi, fk) domain to
the (τ, θ) domain.
First, it is transformed from Xi to θ (for fixed fk) through

the beamforming operation, yielding the angle-frequency
response:

H( fk, θ) = 1√
P

P∑

i=1

wXi · HXi
( fk) · SXi( fk, θ), (1)

where

SXi( fk, θ) = e
j2π fk
c

(
cosθAcosθE·xi+sinθAcosθE·yi+sinθE ·zi

)

is the virtual array’s steering vector [40] and c is the speed of
light. Beamforming synthesizes a steerable beam by coher-
ently phasing the spatial response of the array through the
steering vector, steering the beam towards θ . The half-power
beamwidth of the synthesized beam varies over frequency,
from 5.1◦ at 26.5 GHz to 3.0◦ at 40 GHz, in both AZ
and EL since the array is square. Synthesizing the spa-
tial response across the virtual array adds an array gain
of 10 · log10(1225) = 30.9 dB to the link budget. Given the
T power, the antenna gains and array gain, the instantaneous
dynamic range of the system, and the 16 dB noise figure of
the VNA, the maximum measurable path loss of the system
is 263 dB [41].
A Kaiser taper window wXi with parameter value β =

3.4 was applied to (1) to suppress the beam sidelobes from
13.2 dB to 28.7 dB at the expense of slightly widening
the main lobe from 3.0◦ to 3.2◦ (at 40 GHz); the Kaiser
window was selected because it minimizes the energy in
the sidelobes [42]. The beamforming operation is termed
wideband because the steering vector is specific to every
frequency fk in the band, in contrast to narrowband for
which fk is replaced with the (constant) center frequency
fC = 33.25 GHz. As a rule of thumb, the narrowband
assumption is valid when the bandwidth is less than 10%
of the center frequency, for which the band is considered
frequency flat [43]. In our application, B is about 40% of
the center frequency, therefore wideband beamforming is
necessary.
Next, the angle-frequency response in (1) is synthesized

across all frequencies through the Inverse Discrete Fourier
Transform (IDFT), yielding the angle-delay response:

h(τ, θ) = 1√
K

∑

fk∈B
w( fk) · H( fk, θ) · ej2π fkτ , (2)

where w( fk) is the same Kaiser taper window (β = 3.4) used
in (1).

B. PATH EXTRACTION
A discrete number of paths indexed 
 = 1 . . . L is extracted
from the recorded angle-delay response in (2). This is imple-
mented in SAGE by modeling the response as a train of
impulses δ
(τ, θ), each representing a plane wave imping-
ing on the array with delay τ
 at angle θ
 scaled by the
complex amplitude α
, plus noise n(τ ):

h(τ, θ) ≈
L∑


=1

α
 · δ
(τ, θ) + n(τ ). (3)

The impulse response of the system δ
(τ, θ) is com-
puted from (2) after substituting into (1) the spatial-
frequency response of the system HXi( fk) to an ideal plane
wave [19], or:

δ
(τ, θ) = h(τ, θ) | HXi( fk) = gT( fk, θ
) · gR( fk, θ
)

· e−j2π fkτ
 · S∗
Xi( fk, θ
), (4)
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FIGURE 3. (a) Impulse response of the system δ(τ, θ) with the elevation AoA fixed at θE = 0◦. (b) Recorded angle-delay response h(τ, θ) of the system for the five cylinders
experiment with the elevation AoA fixed at θE = 0◦ .

where ∗ denotes the complex conjugate. The impulse
response is essentially a bandlimited (by B) sinc pulse in
the delay domain centered at τ
. Analogously, the pulse in
the AZ and EL domains is centered at θ
 and is a function
of the steering vector (and so is more complex than the sinc
pulse). The impulse response of the system also incorpo-
rates the frequency-dependent complex amplitudes of the T
antenna,5 gT( fk, θ
), and R antenna, gR( fk, θ
).

Fig. 3(a) displays the impulse response of the system
and Fig. 3(b) the recorded angle-delay response for the
five cylinders experiment shown in Fig. 1. This controlled
experiment highlights that the recorded response is just
the response of the channel – the five paths – convolved
with the impulse response of the system, following directly
from (3). Accordingly, the path properties are extracted
by deconvolving the impulse response from the recorded
response. The deconvolution is executed through the SAGE
super-resolution algorithm, appropriately named because it
can provide delay and angle resolution beyond the inher-
ent bandwidth and beamwidth of the system, respectively.
Basically, the algorithm scales (by α1) and translates (by
τ1 and θ1) the impulse response to match the strongest
path 
 = 1 in the recorded response. The scaled, trans-
lated impulse response is then subtracted from the recorded
response. The process iterates L times until what remains
in the recorded response is just noise, yielding L paths and
their estimated properties (α
, τ
, θ
), 
 = 1 · · · L. In prac-
tice, we use a signal-to-noise ratio of 10 dB to avoid false
detections.

5. As explained in Section IV.A.2, the AoD (from T) of path 
 can
be inferred directly from its combined delay τ
 and AoA θ
. As such,
we express the T antenna gain pattern as a function of θ
 for notational
simplicity.

C. FREQUENCY-DEPENDENT COMPLEX AMPLITUDE
The delay and AoA of the paths are frequency indepen-
dent since they are strictly geometrical properties, leaving
complex amplitude as the only path property that can be
frequency dependent. To analyze complex amplitude as a
function of frequency, we consider sub-bands centered at
fk, by sliding a 2 GHz window across B at �f = 10 MHz
increments, and run SAGE on each sub-band k to extract the
complex amplitude of the sub-band, denoted by α
( fk). The
narrowband assumption implicit to (3) is that the complex
amplitude α
 across the sub-band is frequency flat (con-
stant); so the sub-band cannot be too wide, yet it must be
wide enough to resolve different paths. We found through
trial-and-error that a value of 2 GHz achieves a good balance
between the two, for which the narrowband assumption is
still valid (2 GHz/fC = 33.25 GHz ≈ 6%).
To analyze the complex amplitude of distinct paths across

the different sub-bands, the same paths must be detected
in each sub-band. This is accomplished by running SAGE
on the whole band B – for which the delay resolution is
finest – to extract (τ
, θ
) of the L paths, in a first step.
SAGE is subsequently run per sub-band in a second step
to estimate α
( fk), given (τ
, θ
) from the first step. The
caveat is the narrowband assumption of constant α
 across
B implicit to the first step – an invalid assumption given
the 13.5 GHz bandwidth – which in turn compromises the
estimates of (τ
, θ
). The assumption is relaxed by factor-
ing the complex amplitudes estimated in the second step
as α
( fk) = α
·γ
( fk), γ
( fC) = 1, introducing parame-
ter γ
( fk) to explicitly model frequency dependence. The
parameter is integrated into SAGE by modifying the impulse
response of the system in (4) as:

δ̂
(τ, θ) = h(τ, θ) | HXi( fk) = γ
( fk) · gT( fk, θ
)

· gR( fk, θ
) · e−j2π fkτ
 · S∗
Xi( fk, θ
). (5)
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FIGURE 4. Frequency dependence of the LoS path.

Now given the modified impulse response, γ
( fk) = 1
is initialized in the first step. Then, γ
( fk) is refined from
α
( fk) estimated in the second step. The first and second
steps are iterated until convergence.

IV. ANALYSIS OF FREQUENCY DEPENDENCE
In this section, the frequency dependence of paths extracted
from the measurements is analyzed. The analysis is bro-
ken down into two parts: first, measurements were taken
in two controlled environments to validate the proposed
measurement methodology, by comparing estimated path
properties against their ground-truth values; second, mea-
surements were taken in two real environments to report the
frequency dependence of objects that generated multipath.

A. CONTROLLED ENVIRONMENTS
1) LOS PATH

The purpose of this experiment is to confirm that the
estimated frequency dependence of the extracted paths,
expressed as frequency-dependent path gain |α
( fk)|2, is reli-
able. To that end, we estimated the dependence of the LoS
path, which is known theoretically to have a flat response.
The experiment was conducted on the optical table with
the T and R horns facing each other while the surrounding
objects were covered with RF absorber so that only the LoS
path was detected. Fig. 4 shows that the estimated depen-
dence (blue) matches up very well with the true dependence
(red dash), deviating less than 0.5 dB across the whole band.

2) FIVE CYLINDERS

The purpose of this experiment is to confirm that the esti-
mated geometrical properties – delay, AoA, and AoD – of
the extracted paths are reliable. To that end, we placed five
metal cylinders with diameter 2.5 cm on the optical table.
A photograph of the setup is shown in Fig. 1 and a 2D CAD
model (bird’s-eye view) of the setup in Fig. 5(a), with the
locations of the cylinders reported by the camera system.

FIGURE 5. CAD model of five cylinders experiment, bird’s-eye view.

TABLE 3. True and estimated geometrical properties of the five cylinders.

Note that while the measurement system can only estimate
delay and AoA, AoD can be inferred for paths with single
incidence by virtue of geometrical redundancy. Specifically,
delay and AoA together with known T and R locations map
to a unique point of incidence, which can be traced back to
T, providing AoD [45].
Table 3 shows that the true and estimated properties match

up very well, with errors in delay and AoA within 0.1 ns and
1.2◦, on par with the respective bandwidth and beamwidth
resolution of the system. The maximum AoD error was
higher – 5.8◦ in AZ – which can be attributed to the cumu-
lative errors in delay, AZ AoA, and EL AoA when mapping
them to AZ AoD and EL AoD.

B. REAL ENVIRONMENTS
We now turn to real environments to report the properties
of the paths extracted there. Those two real environments
are a Central Utility Plant – an industrial environment – and
a conference room, both located on the NIST campus in
Boulder, Colorado.

1) CENTRAL UTILITY PLANT (CUP)

A photograph of the measurement setup in the CUP is shown
in Fig. 6(a), in which T and R were pointed towards a
control panel. A total of 14 paths were extracted from the
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FIGURE 6. CUP measurement. (a) Photograph of the setup, with T and R facing a control panel. (b) CAD model of the environment. (c) Recorded angle-delay response h(τ, θ).
(d) Frequency dependence of paths from the center panel. (e) Frequency dependence of paths from the left panel. ( f) Frequency dependence of other diffracted paths.
(g) Frequency dependence of other specular paths.

measurement, and individually classified against the object
on which it was incident. Specifically, the point of incidence
was computed from the estimated delay and AoA of the

path, as described earlier, and classified against the object
in the 3D CAD model of the environment on which the point
fell. The CAD model rendered by the camera system with
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FIGURE 7. Conference room measurement with T inside. (a) Photograph of the setup, with T and R on the conference table facing the exterior window. (b) Recorded
angle-delay response h(τ, θ). (c) Frequency dependence of the paths from the exterior window. (d) Frequency dependence of the other diffracted paths.

millimeter accuracy is shown in Fig. 6(b). The 14 raytraced
paths are indexed in both Fig. 6(a) and (b). In addition to
classifying each path against an environment object, we also
classified the incidence itself as either a specular reflection,
a diffraction, or a diffuse reflection as follows:

• IF the angle of incidence (AoD) is equal to the angle
of reflection (AoA): specular reflection;

• ELSE IF the point of incidence falls on a clear corner
or edge in the environment: diffraction;

• ELSE: diffuse reflection.

A cluster of four paths was associated with the center
panel: a specular reflection from the face of a panel door,
a specular reflection from the recessed panel, a diffraction
from the vertical edge of the door, and a horizontal diffraction
from the bottom edge of the center panel. Their frequency
dependence is shown in Fig. 6(d): not only are the specular
paths stronger than the diffracted paths, their dependence is
notably flatter. A cluster of four diffuse paths was associated
with the left panel, covered with knobs and switches whose
size is comparable to the signal wavelength. As displayed

in Fig. 6(e), all four paths were weaker than the specular
paths from the center panel, and most exhibited much greater
variation over frequency. In fact, path 6 exhibited a peak-to-
trough variation in path gain of 34.5 dB. Fig. 6(f) shows the
remaining paths that were identified as diffractions: from
the top and bottom plates on the pipe, the vertical edge
of the rack, and the vertical edge of the column. Finally,
Fig. 6(g) shows the remaining paths that were identified
as specular reflections: from the cylindrical tank above the
center panel and a third-order reflection.6 Notice the distinct
small-scale fluctuations of the third-order reflection.

2) CONFERENCE ROOM

A photograph of the measurement setup in the conference
room appears in Fig. 7(a), where the T and R were placed on

6. Note that all 14 paths in the CUP, save one, were single incidence,
for which the incident objects could be classified unambiguously. Rather,
the third-order specular reflection was classified through visual inspection,
by tracing the delay and AoA of the path in the CAD model, to find the
three incident objects.
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FIGURE 8. Conference room measurement with T outside. (a) Photograph of the
setup, with T on a tripod outside the room and R on a conference table inside the
room, facing each other. (b) Recorded angle-delay response h(τ, θ). (c) Frequency
dependence of the two paths extracted.

the conference table and pointed towards the exterior win-
dow, with the blinds closed. Also shown in the figure are the
eights paths extracted from the measurement. A cluster of

five paths was associated with the exterior window, whose
frequency dependencies are shown in Fig. 7(c): one strong
specular reflection from the window and four weaker dif-
fuse reflections from the blinds. As in the CUP, the specular
reflections were stronger – up to 38 dB stronger – and exhib-
ited a much flatter dependence than the diffuse reflections.
And here as well, the diffuse reflections exhibited a much
larger peak-to-trough variation, of up to 30.9 dB. The large
fluctuations in the diffuse path may in fact stem from the
combination of multiple diffuse paths originating from the
densely packed blinds – beyond the resolution capability of
the system – that appear as a single path, generating deep
nulls at certain frequencies. The remainder of the paths are
shown in Fig. 7(d), attributed to diffractions: from the left
and right edges of the metal frame separating the window
panes – they exhibit very similar behavior – and from the
top edge of a chair.
Another measurement was taken in the conference room,

however with the T antenna outside, as shown in Fig. 8(a).
Only two paths were extracted since any detected path had
to penetrate the double-paned interior window of the confer-
ence room (most likely refracted): the direct path to R and
a second-order reflection from the exterior window to the
interior window and back to R. Consistent with the higher-
order reflection in the CUP, many small-scale fluctuations
were observed.
The frequency dependence of all of the paths in the CUP

and the conference room were quantified and reported in
Table 4 as follows: the mean path gain over the band, the
slope of a line fit (in least squares sense) to the path gain
over the band and the resultant standard deviation of the
residual, and the peak-to-trough path gain. Also reported in
the table are the geometrical properties of the paths used
for classification. Overall, it can be observed from the mean
path gain that the specular paths are the strongest, followed
by the diffracted paths, and then by the diffuse paths. Not
only are the specular paths the strongest, they are also the
least variant across frequency – as indicated both by the
peak-to-trough deviation and the standard deviation of the
residual – followed by the diffracted and diffuse paths in
the same order. Out of the 24 total paths reported, all but
four exhibited a negative slope – as low as -0.13 dB/GHz
for a specular path to as high as -2.27 dB/ GHz for a diffuse
path – and the four with positive slope were mostly mild,
indicating that greater path loss is indeed expected at higher
frequencies.

V. CONCLUSION
This paper proposes a novel methodology to measure the
frequency dependence of channel paths across the mmWave
spectrum. The methodology emphasizes calibration of the
measurement equipment so that the results reported repre-
sent the channel alone (and not the channel coupled with the
channel sounder), departing from methodologies employed
by other organizations reporting on this topic in the past, with
conflicting results. In the process, we proposed an extension
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TABLE 4. Estimated properties of the paths extracted from the two real environments.

of the SAGE super-resolution to extract the frequency depen-
dence of individual channel paths. Our findings confirm that
the line-of-sight path is indeed frequency invariant – a well
understood result in theory – but reported nowhere else to
date at mmWave to our knowledge. More interestingly, we
found that pathloss increases across frequency, but that the
rate depends heavily on the type of path. Namely, specular
paths – the strongest after the line-of-sight path and thus
critical for maintaining connectivity when the line-of-sight
path is blocked – varied only between 0.13 – 0.34 dB/GHz,
whereas the weaker diffracted and diffuse paths varied up to
2.27 dB/GHz. In particular, the diffuse paths exhibited the
deepest fades, up to almost 35 dB from peak to trough.
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