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Abstract

Millimeter-wave transceivers will feature massive phased-array antennas whose pencilbeams can 

be steered toward the angle of arrival of the propagation path having the maximum power, 

exploiting their high gain to compensate for the greater path loss witnessed in the upper spectrum. 

For this reason, maximum-power path-loss models, in contrast to conventional ones based on the 

integrated power from an omnidirectional antenna, may be more relevant. Yet to our knowledge, 

they do not appear in the literature save for one reference. In this paper, we compare both model 

types at 83.5 GHz for four indoor environments typical of hotspot deployments in line-of-sight 

(LOS) and non-LOS conditions up to a range of 160 m. To fit the models, we conducted a 

measurement campaign with over 3000 different transmitter–receiver configurations using a 

custom-designed channel sounder capable of extracting the delay and 3-D angle of arrival of the 

received paths with super-resolution. The models are supported by a detailed analysis of the 

propagation mechanisms of direct transmission, reflection, and knife-edge diffraction to shed light 

on their interplay in the E-band regime.
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I. Introduction

In july of 2016, the Federal Communications Commission (FCC) issued an unprecedented 

order for the licensed operation of millimeter-wave (mmWave) bands for terrestrial wireless 

communications. The new bands are centered at 28, 37, and 39 GHz. In addition, the order 

extended the unlicensed 60-GHz band from 57–63 GHz to 71 GHz. In total, nearly 11 GHz 

of spectrum was released. The 95-GHz band is also currently under review [1]. The FCC’s 

decision was prompted by the “spectrum crunch” below 6 GHz, resulting from data-

intensive smartphones which have flooded the market over the past decade. Although 

propagation is less favorable in the mmWave regime, channels with contiguous bandwidths 

three orders of magnitude wider will enable multi- Gb/s wireless communications [2].

To effectively design the communication systems, fundamental understanding of the 

propagation characteristics expressed through channel models is required. The most basic 

and useful model for link-layer analysis is path loss. The choice spectrum allocated by the 

FCC lies around 30 GHz. A good list of publications for indoor path-loss models; there has 

already been amassed in the literature. Some of the most recent, which consider obstructed-

line-of-sight (OLOS) and non-LOS (NLOS) conditions in the range up to tens of meters, are 

[3]–[7]. Similar setups can be found at 45 GHz in [8] and at 60 GHz in [9]–[15]. Although 

60 GHz is less favorable due to oxygen absorption loss, it is still attractive given the broad 

unlicensed band. As such, the aforementioned bands have been studied the most.

What has received significantly less attention is the E-band (71–76 GHz, 81–86 GHz, and 

92–95 GHz). Even though these bands have licensing requirements and greater penetration 

loss than 60 GHz, they are not subjected to oxygen absorption. Thanks to new transistor 

technology, use of these bands for mobile wireless is becoming feasible. However, there is a 

lack of propagation measurements for this band, both indoors and outdoors. In [16], 

spatiotemporal models are provided at 72 GHz (and 63 GHz) for an office environment from 

24 measurements in LOS conditions up to a range of 10 m. In [17], wideband measurements 

were taken at 70, 88, and 108 GHz in LOS up to 6 m. Less recently, slightly longer range 

measurements were taken at 94 GHz in LOS and OLOS conditions [18], [19]. And in [20], 

path-loss models and dispersion statistics in LOS and NLOS at 73 GHz (and 28 GHz) are 

provided for an indoor office environment; the models were collected for 48 different 

transmitter–receiver (TX–RX) configurations in the range 4–46 m. Path-loss models for 

different indoor and outdoor scenarios in LOS and NLOS up to 100 GHz are presented in 

[21] and [22].

All of the references save one [20] base their models on the received power measured with 

an omnidirectional antenna. Conversely, mmWave transceivers will likely feature massive 

phased-array antennas whose pencilbeams can be steered toward the angle of arrival of the 

propagation path with maximum power, exploiting their high gain to compensate for the 

greater path loss witnessed in the upper spectrum. The reason omnidirectional path-loss 

models are prevalent is because channel estimation to compute the array weights for 

beamsteering will be carried out with an omnidirectional beam at the lowest bearer 

(modulation and coding scheme). Once the weights are computed, however, path-loss 

models for the maximum-power path combined with the directional gain of the beam may be 
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more relevant to determine the highest bearer attainable and, as such, are also provided in 

this paper. The models were generated at 83.5 GHz from over 3000 different TX–RX 

configurations in four environments typical of indoor hotspot deployments, comprising a 

wide range of wall materials.

Perhaps more valuable than path-loss models is the understanding of how the various 

propagation mechanisms give rise to multipath, especially since each mechanism will have 

different scattering properties. In LOS, the direct path will always be accessible and so will 

dominate; in NLOS conditions, however, as we shall see for the wall materials examined, it 

suffers from high penetration loss and consequently passes undetected. The general 

consensus is that diffraction plays a lesser role in the mmWave regime, and that in NLOS, 

the RX will rely instead on ambient reflected paths [23], [24]. Indeed, through detailed 

analysis, we quantify how much weaker the diffracted paths can be.

The outline of this paper is as follows. Section II provides an overview of the radio sounder 

that we designed to collect channel-impulse-response (CIR) data and how it was processed 

into multipath components (MPCs) and, subsequently, into path-loss data. Section III 

presents maximum-power and omnidirectional models and how their parameters were fit to 

data in the four environments. Propagation analysis and discussion on the parameters are 

reserved for this section as well. The conclusion is drawn in Section IV.

II. Measurement System and Data

In this section, we provide a brief overview of the channel sounder that we designed to 

conduct the measurement campaigns, in particular how the system records and processes 

CIRs for the purpose of fitting path-loss models to the collected data.

A. Channel Sounder

A detailed description of our 83.5-GHz channel sounder can be found in [25] and [26]. The 

system is equipped with a single transmit antenna featuring an omnidirectional pattern in 

azimuth and a 45° beamwidth in elevation. At the RX is a custom-designed scalar-feed-horn 

antenna array with 16 elements arranged in the 3-D space. The adjacent elements are spaced 

45° apart in both azimuth and elevation, enabling extraction of the 3-D angle of arrival of the 

received paths. The measured antenna pattern for each element matched the specification 

patterns provided by the manufacturer to 0.1 dB within the 3-dB beamwidth. The 

synthesized array pattern of the ensemble of elements [26, Fig. 2] is also omnidirectional in 

azimuth and has a beamwidth of approximately 90° in elevation with boresight of 22.5°, 

covering most of the upper hemisphere and some of the lower. This configuration simulated 

a hotspot setup in which the TX was fixed at 2.5 m in elevation and the RX was lower, at 1.6 

m. Because the pattern rolloff is gradual, the RX can actually see a much broader elevation 

angle than 90°.

The TX sends a pseudorandom sequence with a bit rate of 1 Gb/s occupying a null-to-null 

bandwidth of 2 GHz. By individually correlating the signal received at each element with the 

known sequence, 16 different CIRs are generated for a single measurement. Timing and 

synchronization are maintained with two rubidium clocks, one at the TX and the other at the 
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RX. They are synchronized with each other using a pulse-per-second direct interface before 

measurements. After the clocks are synchronized, a start trigger is sent to the RX from the 

arbitrary waveform generator. This start trigger will synchronize the digitizer trigger and the 

4-bit output signal used to switch the multiplexer between array elements. The channel 

sounder is calibrated through a back-to-back method to compensate for the nonideal system 

response [26]. Factoring in the TX power, the antenna gains, the noise figure of the RX, and 

the processing gain of the sequence, the measurable dynamic range of the system is 140.2 

dB.

To analyze the measured data, the position, velocity, and heading of the RX array are 

needed. This information is provided through a robotic mobile positioning system [red box-

like apparatus in the foreground of Fig. 1(a)]. The survey area is first mapped through the 

robot’s laser range finder. Once the map is created, the onboard computer can direct the 

robot to waypoints while simultaneously recording position information from the navigation 

system and controlling the digitizer. In this way, the information can be queried and stored 

with the digitizer data at millisecond intervals, while the robot is moving. Internal studies at 

NIST have shown position errors of 20 cm at 100-m range and angular errors of ~1°. Further 

details of the channel sounder and mobile positioner are provided in [25].

B. Measurement Data

The system collected measurements in a number of TX–RX configurations throughout each 

environment. Let i denotes the configuration index and di denotes the TX–RX distance 

reported by the robot. The 16 CIRs from one measurement were synthesized through the 

space-alternating generalized expectation–maximization (SAGE) algorithm [27]–[29] to 

yield the directional impulse response of the channel. Specifically, the algorithm extracts the 

MPCs indexed through j of measured channel i with super-resolution, namely, its complex 

amplitude (aij), delay, and angle of arrival (azimuth and elevation). Fig. 2 displays a plot of 

the MPCs, for example, directional impulse response. (Elevation dimension is omitted to 

enhance visualization.) Another method [30] to extract multipath used extensively 

throughout the community offers advantages such as simplicity without any appreciable loss 

in accuracy.

From the extracted components, two path-loss metrics were computed: one for the 

maximum-power path PLBEST and other for the paths combined from all directions PLOMNI

PLBEST(di) = − 10 log10 max
j

∣ ai j ∣2 (1a)

PLOMNI(di) = − 10 log10 ∑
j

∣ ai j ∣2 . (1b)

For each configuration, 32 measurements were collected over a period of 67 ms, while the 

robot was in motion. Depending on its speed, the robot traveled 20–40 mm, roughly seven to 
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ten wavelengths. To factor out small-scale fading, the metrics were averaged over the 32 

points. Once collected, the robot downloaded the data and then began measuring for the next 

configuration. The average distance between configurations was about 30 cm.

For the sake of comparison, the free-space (FS) path-loss model given by the Friis 

transmission equation [31] is also provided here

PLFS(di) = − 10 log10
λ

4π di

2

(2)

where λ is the wavelength of the RF carrier.

The details of the implementation of the SAGE algorithm, including angular resolution and 

super-resolution techniques employed, have been included in [25] and [26]. Essentially, the 

measured channel is represented as a superposition of all detected MPCs, each one scaled by 

a complex amplitude and shifted by the path delay at the RX array center, plus noise. 

Because we are dealing with real measurements, the reference pulse of the system 

representing each MPC is required and so is characterized through a back-to-back method. 

Note that since each array element will have different antenna pattern and positions with 

respect to the array center, an MPC will appear with different shifts/scales at each element. 

Hence, indispensable to the algorithm is the element antennas patterns and the precise 

geometry of the array. Through a greedy version of the expectation–maximization algorithm, 

SAGE determines the complex amplitude, delay, and angle of arrival (azimuth, elevation) of 

each MPC—in a collective fashion—that will reconstruct the measured CIRs with minimum 

error. Note that the MPCs are extracted down to the noise level and so the measured and 

reconstructed MPCs will have the same power within the error.

The beamwidth of the antennas on the RX array is very large 45°, because we rely on 

overlap between adjacent array elements so that an impinging MPC can be detected at at 

least two elements, but typically up to 4 or 5. The different arrival times of the MPC at the 

individual elements are compared in order to estimate its arrival angle. What is important to 

understand is that in our system, it is the delay of the system that provides resolution, not the 

beamwidth of the antennas. The inherent delay resolution of the system is 1 ns (given by the 

1-GHz 3-dB bandwidth of the system) so that MPCs 1 foot apart can be resolved. In 

addition, by employing the super-resolution SAGE algorithm, which considers the complex 

amplitude of each MPC, the resolution is actually better than this. These topics are all 

treated in the papers cited.

III. Path-Loss Models

In this section, path-loss models for four environments are presented. The first two 

environments, the basement and the hallway, are in LOS and so are the simplest to explain 

while the second two, the lobby/hallway and lobby/conference room, bear NLOS 

components, warranting more elaborate discussions.
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We adopt a generalized breakpoint (BP) model for path loss in dB

PL(d) =

10α0 log10
d

d0
+ β0 + ℕ(0, σ0), d ≤ d1

PL(d1) + 10α1 log10
d

d1
+ β1 + ℕ(0, σ1), d > d1 .

(3a) (3b)

The parameter β0 denotes the reference loss at d0 = 1 m, while α0 and σ0, respectively, 

denote the loss exponent and standard deviation of the normally distributed shadowing 

component before the BP distance d1. The parameters have analogous values (α1, β1, σ1) in 

the post-BP segment, except for β1 which is the step loss, i.e., the transitional loss in excess 

of the average loss at the breakpoint. The average loss PL(d1) is defined as

PL(d1) = 10 α0 log10

d1

d0
+ β0 . (4)

Because the path-loss model is only a function of the distance between the TX and RX, the 

model is independent of specific TX–RX locations, i.e., wide-sense stationary [32]. 

Accordingly, measurements should be taken over an ensemble of many TX–RX 

configurations to abstract out the site-specific characteristics [20].When this is done, the 

existence of a BP to date is controversial: raytracing simulations in [33] showed that a BP 

might exist; however, extensive measurements in the same paper showed no BP; similarly, in 

[34], raytracing predicted a BP to exist in a microcell outdoor urban environment at large 

distances, while measurements in the same paper showed no BP in the same measured 

environment.

Abstracting out the site-specific characteristics will of course lead to a larger standard 

deviation—oftentimes much larger—than what would otherwise be witnessed at any single 

TX location. In addition, it has been observed that stationarity may not apply to the 

mmWave systems [35]. Finally, since link distances will be much shorter than for sub 6-

GHz, path loss will be more localized to the TX. Consequently, in our work, we present site-

specific models. A BP was employed wherever a discontinuity in the data points gathered in 

a single environment was apparent. Such a discontinuity usually reflects a transition from 

LOS to NLOS, but an exception is noted in the Hallway. Details are given in the following 

sections.

A. Basement

The first environment considered was the basement1 area shown in Fig. 1(a). The floor of 

this area is a metal ground plane, and the walls of the room are cinderblock. The room 

1The area is actually a laboratory, but since the walls are cinderblock and there are no windows, it is representative of a basement.
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ceiling is 4.9 m high. The photograph shows the TX mounted on a tripod (background left) 

and the RX array mounted on the robot (foreground middle).

Fig. 1(b) illustrates the BEST path-loss model for the Basement as a blue line. It was 

obtained by fitting (3a) to the PLBEST(di) data (blue circles) in (1a) through a least-squares 

regression. Because all measurements were in LOS and the range was so small (less than 7 

m), no BP was necessary. Also shown in the plot is the FS model in the red line. The match 

to the FS is good, both in terms of α0
BEST = 1.97(αFS = 2.0) and 

β0
BEST = 71.18 dB (β

FS = 70.85 dB). The nominal TX/RX antenna patterns from the 

manufacturer were used in the SAGE algorithm (Section II-B) since the antennas have not 

yet been calibrated in a NIST anechoic chamber. The specifications list the maximum 

tolerance in the patterns as 2 dB. We attribute any deviations of the data points from the FS 

line to this tolerance.

The OMNI path-loss model (green line) was similarly obtained from the PLOMNI(di ) data 

(green pluses) in (1b) instead. Notice that the difference between BEST and OMNI is about 

1.4 dB; this means that the maximum path accounts for 72% of the total power and 

conversely that the secondary paths account for only 28% of it. Furthermore, because each 

data point in OMNI also incorporates many other secondary arrivals—not just a single 

arrival—the fluctuations in the individual arrivals average each other out. For this reason, 

OMNI exhibits a smaller standard deviation ( σ0
OMNI = 0.86 dB) when compared to BEST 

( σ0
BEST = 1.09 dB) in this environment and, as we shall see, throughout all four environments 

for the most part. Table I shows the settings and path-loss model parameters for the 

environments studied.

B. Hallway

In the Hallway environment, the TX was positioned at a single location, while the robot 

moved from a range of 6–159 m at the end of the hallway. The ceiling height of the hallway 

is 7 m and its width is 3.5 m. The path-loss model for this environment can be visualized in 

Fig. 3. Although LOS was maintained throughout the whole robot trajectory, a discontinuity 

in the data points is apparent. Further inspection revealed the presence of a staircase there. 

Accordingly, we implemented the BP model with the BP set to the beginning of the staircase 

at d1 = 26.31 m. In order to extract the model parameters, the set (α0, β0, σ0) was first fit to 

the pre-BP segment of data (d ≤ d1) through (3a). In turn, PL(d1), was computed from (4). 

Finally, by rearranging (3b), the set (α1, β1, σ1) was fit to the difference

PL(d) − PL(d1) = 10α1 log10
d

d1
+ β1 + ℕ(0, σ1), d > d1 (5)

given PL(d1) and the post-BP segment of data (d > d1). The complete set of extracted 

parameters can be found in Table I.
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Although our system has 1-ns resolution capability, because the multipath scattering created 

by the staircase—an intricate, metallic object—was so rich, with rapidly arriving successive 

paths, the system could not resolve them. The reflected and diffracted paths then appeared 

combined with the direct path, for the most part in a constructive sense. That is why the 

BEST path loss witnessed is actually lower than FS for most points beyond the staircase: the 

exponents are α1
BEST = 1.51 and α1

OMNI = 1.31 and the step losses, β1
BEST = − 0.99 and 

β1
OMNI = − 0.47, are negative, albeit small, which means that the transition between the 

zones was smooth.

Notice that the standard deviation of BEST increases from σ0
BEST = 0.71 dB to 

σ1
BEST = 2.81 dB. The increase is not due to the fluctuation in the power of the direct path but 

rather to the interference with it by the scattered paths. Notwithstanding, σ1
BEST is still 

relatively small considering the long range of the measurements. This can be attributed to 

the stability brought to bear by the direct path. This stability carries over to the OMNI model 

for which σ1
OMNI = 1.92 dB.

In contrast to the basement environment, the gap between BEST and OMNI in the hallway 

widens even in the first segment, from 1.2 dB at the shortest range to 2.4 dB at the BP 

(secondary power increases, respectively, from 24% to 42% of total power). This is because 

the LOS segment is much longer here and so more variation throughout is expected. Since 

the propagation mechanism of the dominant path remains direct transmission throughout the 

hallway, the secondary power exceeds the dominant power as a percentage of the total—this 

occurs when the gap is 3 dB—only after 72 m, much beyond the BP. The gap continues to 

increase, but very slowly, up to 3.6 dB. (Secondary power is 56% of total power.) Note that 

at the end of the hallway, the signal is still above the 128-dB system noise floor.

C. Lobby/Hallway

In this environment, the TX was placed at five different locations in a lobby area open to the 

same hallway as in the previous section. The ceiling height of the lobby is 3 m. In the 

photograph in Fig. 4(a), TX1 stands to the far left as the robot approaches the corner in the 

hallway. Locations TX1–TX5 and the corner C are shown on the floorplan in Fig. 4(b). The 

grid spacing is 1 m, and the orientation for the RX angle of arrival is illustrated. For each 

location, the robot traversed the same trajectory delineated by the black waypoints on the 

floorplan. For TX1, the LOS trajectory appears as a solid orange line and the NLOS as a 

dashed-dotted purple line; NLOS conditions were created at BP by the interfering walls as 

the RX moved down the hallway. Point BP was computed analytically as the intersection of 

the line (blue dot) containing TX1 and C and the line along the robot’s trajectory in the 

hallway. The BP distance d1 is given as the distance from TX1 to BP. Note that each TX has 

a distinct BP.

1) Analysis of Propagation Mechanisms—For accurate path-loss modeling in mm 

Wave communication systems, a clear understanding of how direct transmission, specular 

reflection, and knife-edge diffraction interrelate in this frequency regime is essential. The 
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diversity in the TX locations, as well as the availability of both LOS and NLOS conditions, 

allows for a much deeper level of analysis here compared to the other environments. First, 

we analyzed data points for three RX positions around the BP corresponding to a single TX, 

TX4: positions RX1, RX2, and RX3 are marked in Fig. 5(a). The direct path from TX4 is 

shown as a dotted blue line, the diffracted paths from the corner as dashed green lines, and 

the reflected paths from the right side of the hallway as solid red lines.

Analysis involved the visual inspection of the data-derived directional CIR in comparison 

with simple raytracing predictions. First consider RX1, the position right before the BP, 

whose directional response is shown in Fig. 5(b). The direct path is apparent in the response 

due to its first arrival at 41 ns; also because it bears the smallest path loss of all MPCs 90.6 

dB. The diffraction path from the corner could not be resolved from the direct path due to 

the 1-ns resolution of the system. (The two paths theoretically arrived within 0.3 ns of each 

other.) Diffuse components from the corner at lower power levels are also present along the 

same angle of arrival. Arriving at 48 ns, later than the direct path due to the longer 

propagation length, is the reflected path with PL = 107 dB from the right side of the hallway 

at 319.5°, plus ensuing diffuse components. This is also indicated in Fig. 5(b).

Now consider the directional response of RX2, the position right after the BP, in Fig. 5(c). 

The direct path was no longer detected due to the high penetration loss of the interfering 

walls. Instead, the diffracted path at 47.8 ns with PL = 121.2 dB was the first arrival. The 

reflected path from the right sidewall of hallway was still detected, however with a slightly 

longer delay (53.9 ns) and a slightly smaller angle (312°) compared to RX1. The reflected 

path showed PL = 98.9 dB, 22.3 dB less than the diffracted path.

Finally, Fig. 5(d) shows the directional response of RX3 further down the hallway, 4 m from 

the BP. Here, as with the direct path, the diffracted path has also fallen below the noise floor 

of the RX and the only dominant path observed was the reflected one at 61.1 ns and 315° 

with PL = 96 dB.

The estimated path loss, delay, and angle of arrival (AoA) of the dominant paths for TX4 are 

summarized in Table II. The propagation mechanisms witnessed at the three RX positions 

for TX4 were similarly witnessed for the other four TXs. To demonstrate this, let us focus on 

a single RX position (for the sake of brevity). We choose the position right after the BP, the 

most informative since both the reflected and diffracted paths were detected there: Table III 

lists their estimated path loss, delay, and AoA for the five TXs. Notice the diffracted paths 

are significantly weaker (11–22.7 dB) than the reflected paths. This has also been confirmed 

in [23]. Taken together, these observations suggest that the BEST model represents direct 

transmission in LOS and for NLOS it represents reflection.

In the raytracing effort, the path loss of the direct path and that of the reflected paths were 

predicted through (2) as PLFS(l), where l denotes the path length. For the direct path, the 

equation given l = d is accurate since the path length corresponds to the TX–RX distance. 

For the reflected path, l is the length of the specular path; here the equation, however, does 

not account for the reflection loss; hence, the difference between the estimated and predicted 

values can be viewed as the reflection loss. For the fixed transmitter TX4, the reflection 
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losses for RX1, RX2, and RX3 are reported in Table II. As illustrated in Fig. 5(a), the three 

reflections were incident on different wall materials, namely, wooden panels which had the 

highest loss (12.9 dB), metal-framed glass which had much lower (3.9 dB), and ceramic tiles 

having close to no loss. Now for the fixed RX position just after the BP, the reflection losses 

for TX1, TX2, and TX3 were 10.1, 12.7, and 7.6 dB, respectively (see Table III). For these 

three TXs, the incident signals all encountered the same wooden panels and so we see a 

comparable range of reflection-loss values; for TX4 and TX5, on the other hand, the signals 

were incident on the metal-framed glass panes with reflection losses 3.9 and 2.8 dB, also 

close.

For a more comprehensive comparison with the literature, Langen et al. [36] furnish 

reflection losses at 60 GHz for a host of materials. The losses for wood fell in the range 9.5–

11.7 dB versus our observed range 7.6–12.9 dB, 2.9–3.8 dB for glass versus our 2.8–4 dB, 

and 3.8–5.8 dB for tiles versus our 0–2.7 dB. While the matchup is good, discrepancies do 

arise from the difference in center frequency and exact wall materials.

Diffraction loss from the corner was predicted through simple knife-edge equations [32]. 

First, the Fresnel–Kirchoff diffraction parameter ν was calculated. Parameter ν maps to the 

diffraction gain (GD) through the formulas provided by Lee [37]. The gain was then 

subtracted from the FS loss PLFS(d) in (2), yielding the predicted path loss of the diffracted 

path. We see in Table III that the estimated and predicted values agree well with a mean 

absolute error of 2.18 dB across the five TXs. The mean falls within the same range as the 

LOS path-loss errors for the Basement in Section III-A. Those errors were attributed to the 

uncertainty in the TX antenna pattern. In general, errors will arise not only from the 

measurement system but also in the predicted values due to the inaccuracies in the floorplan. 

Nevertheless, the mean absolute error in delay across all entries in Table III was only 0.38 ns 

and 2.50° for the AoA. This suggests that the propagation mechanisms can accurately be 

predicted through raytracing if the environment is characterized sufficiently well.

2) Transmitter-Specific Path-Loss Models—The remainder of Section III-C is 

dedicated to path-loss models developed in light of the observations from Section III-C1. We 

first consider models specific to the TX locations. The BP served to partition the collected 

data into LOS and NLOS points. Table I shows the fit parameter values for the five TX 

locations. For the post-BP segment in this environment, a piecewise distance d = d1 + Δd 

was used instead, where Δd denotes the incremental distance along the hallway [see Fig. 

4(b)]. The piecewise distance provided a least-squares error smaller than the Euclidean 

distance. This is also supported by evidence in [35] and [38]. The better fit stems from the 

fact that in NLOS, the main propagation mechanism is reflection along the hallway, not 

direct transmission through the walls.

To substantiate this further, we examine the BEST model, which represents the main 

propagation mechanism, versus the Euclidean, piecewise, and incremental distance metrics. 

We concentrate on the RX location farthest from the TXs, i.e., the NLOS waypoint at the 

end of the hallway, where the three metrics differ the most. The three are reported in Table 

IV alongside the average value of the model at the waypoint PL
BEST for the five TXs. It is 

meaningful to compute Pearson’s correlation coefficient across the five TXs between the 
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individual distance metrics (converted to dB scale) and the path loss, as it is expected that 

path loss increases as the TX gets farther away. Rather for the Euclidean distance, the 

coefficient is −0.49: the absolute value of the coefficient demonstrates poor correlation and 

the negative sign demonstrates that the path loss actually decreases instead. The coefficient 

for the piecewise distance improves to 0.01 (in the sense that the value is nonnegative) albeit 

the correlation is still poor in absolute value. In contrast, the coefficient for the incremental 

distance is 0.95: both high correlation and positive sign, as expected. The reason that the 

latter provides the best correlation is because the majority of the path loss occurs during the 

NLOS portion and so the incremental distance is the best indicator of this. The preceding 

remains a purely illustrative exercise since applying the incremental distance (instead of the 

Euclidean or piecewise distance) has no physical meaning because it is undefined before the 

BP.

Bear in mind that it is not only the incremental distance that indicates the length of the 

reflected path in NLOS, but also the incident angle that the specular reflections form with 

the sides of the hallway. For instance, given the position of TX2, the incident angle is the 

widest compared to all other TXs. Hence for a fixed incremental distance, the signal 

necessitates the greatest number of reflections to reach the NLOS waypoint, increasing both 

the additive reflection loss and the FS loss due to the longer path length. This is another 

reason why TX2 suffers from the greatest path loss. On the contrary, the narrowest incident 

angles trace back to TX4 and TX5. Hence, these TXs necessitate the least number of 

reflections to reach the waypoint, another reason why their losses are the least.

3) Floating-Breakpoint Path-Loss Models—A floating BP model—floating because it 

is independent of the actual TX BPs in the measurement campaign—is also proposed for 

lobby/hallway. The model was generated by combining the data from the five TX locations. 

Specifically, the LOS data from TX1 to TX5 were merged from which a unique set of 

parameters, (α0, β0, σ0), was extracted through (3a). The set was then used to calculate 

PL(d1) from (4). Note that because each TX has a distinct d1, each in turn has a distinct 

PL(d1). Next, from the NLOS data for each TX location, the associated PL(d1) was subtracted 

as in (5). The resultant differences from the five locations were merged and a unique set of 

parameters, (α1, β1, σ1), fit.

The floating model is not more general than the TX-specific models only because it is 

derived from multiple TX locations, but also because the BP can fall anywhere in the LOS 

region, not necessarily at the end. This is often the case in practice, e.g., the LOS distance 

from TX2 to the waypoint at the beginning of the hallway is longer than the minimum 

NLOS distance for TX2, i.e., the BP distance. The model parameters also appear in Table I 

and a plot in Fig. 4(c). An indicator variable d1 = 10 m was chosen deliberately to create 

overlap between the LOS and NLOS ranges.

In LOS conditions, the extracted parameters match well to FS and the difference between 

BEST and OMNI is about 0.8 dB, which means that the secondary power is only about 17% 

of the total power as opposed to 28% in the Basement. The reason for this is twofold: 1) the 

wall material is less reflective than in the basement; hence, there is more loss per reflection 
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and 2) the space is larger than in the lab; hence, reflected paths have to travel farther to reach 

the RX, diminishing their strength.

In NLOS, the step losses, β1
BEST = 5.54 dB and β1

OMNI = 5.64 dB, quantify the drop in power 

associated with the blockage of the direct path. Here, the dominant propagation mechanism 

is no longer direct transmission, but reflection instead. This is why the exponent and the 

standard deviation both increase precipitously from α0
BEST = 1.93 to α1

BEST = 6.19 and from 

σ0
BEST = 1.52 dB to σ1

BEST = 5.82 dB. Although they experience the same propagation 

mechanisms here, the exponent of OMNI is smaller than that of BEST, which means that the 

dominant path dies down at a faster rate than the secondary paths. As a consequence of the 

different exponents, the gap between BEST and OMNI begins to widen at the BP and 

ultimately reaches 7.1 dB. At this endpoint, the secondary power accounts for about 81% of 

the total power.

It is a worthwhile exercise to compare our results with the 73 GHz indoor path-loss models 

provided in [20] (for V–V antenna polarization). For their directional floating-intercept 

model [20, Table 7], the loss exponent in LOS is 0.7 and the standard deviation is 2.3 dB. 

The analogous parameters for our floating-BP BEST model are 1.93 and 1.52 dB, 

respectively. In NLOS, their BEST model reports a much smaller exponent of 2.9 versus 

6.19 in our study, while their 11.7-dB standard deviation is much higher than our 5.82 dB. 

The smaller exponent might be explained by the fact their NLOS environment is 

characterized by soft partitions such as cubicles and their walls are made from drywall; our 

walls, rather, are made from less penetrable stone. The greater diversity in their environment

—including desks, chairs, offices, and classrooms, all absent from our environment— also 

justifies the larger standard deviation. Although it is true that the measurements were taken 

in different buildings and at offset center frequencies, the stark contrast between the 

parameters may also arise from the nonuniform modeling approaches, specifically in the 

number of data points collected, their single-slope model versus our dual-slope model, and 

their Euclidean distance versus our piecewise distance. This exercise underscores the need 

for recommended modeling practices in order to facilitate a meaningful comparison between 

studies. This is one of the goals of the 5G mmWave Channel Model Alliance [39].

D. Lobby/Conference Room

The photograph of the fourth environment is displayed in Fig. 6(a) and the corresponding 

floorplan in Fig. 6(b). The TX was placed at a single location, TX6, shown in the lobby, 

while the robot moved along the trajectory within the adjacent conference room (dashed-

dotted purple line), amidst tables and chairs in the surroundings. The height of the ceiling is 

3 m.

1) Open Doors—We first consider the case for which all three sets of entrance doors to the 

conference room were open. The location of the TX was chosen deliberately to highlight 

various propagation mechanisms that are in effect throughout the room. Consider that the 

BEST data points are shown in Fig. 6(c). Some points are clustered and we denote those 

clusters as Zones I–IV. They are circled in magenta and labeled accordingly. For these 
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points, we can infer whether a MPC originated from transmission, reflection, or diffraction, 

as was done for the lobby/hallway, by comparing the directional CIR to raytracing 

predictions. The zones are labeled in Fig. 6(a) and (b) as well. A single starred data point in 

each zone was selected for illustration [see Fig. 6(c)] and the propagation mechanism 

identified for each zone is depicted in Fig. 6(b).

In Zone I, the RX was in the only LOS area accessible on the trajectory, directly in front of 

Door A. In Zone II, at the far left of the room, the RX was also apparently in LOS 

conditions. Further examination, however, revealed that due to the height of the TX the panel 

above the door in fact blocked the direct path. For Zone II, the dominant mechanism, rather, 

was diffraction off the lower edge of the panel into the RX. Diffraction is also witnessed in 

Zone III, off the edges of the two doorways. Although this diffraction is witnessed in two 

disjoint areas, due to the symmetrical geometry with respect to TX6, it occurs at the same 

distance in Fig. 6(b). Finally, reflection from the side of Doorway B gave rise to Zone IV, 

resulting in a reflection loss of 6.8 dB, in line with values reported in Section III-C. Table V 

shows that the estimated and predicted path loss, delay, and azimuthal angle of arrival agree 

well at the starred points in each one of the zones.

Reflections from the inner walls, floor, and ceiling of the room are the dominant mechanism 

for the unclustered BEST points in NLOS conditions. A single-slope path-loss model was fit 

to them as well as to the analogous OMNI points (omitted in Fig. 6(c) to avoid clutter). 

Table I contains the fitted parameters. Due to an insufficient number and distance spread of 

the data points in LOS (Zone I) to guarantee confidence in the fit, the (α0, β0, σ0) 

parameters were omitted from the table. As such, β1
BEST and β1

OMNI were measured in 

reference to the FS value at the BP instead. Given the similarities of this environment to 

lobby/hallway—the first segment is in LOS and then the TX is shadowed by walls—the 

incremental distance d = d1 + Δd was employed here as well, where d1 is shown in Fig. 6(b). 

In fact, note values of α1
BEST = 5.75 and α1

OMNI = 3.63 are comparable, albeit slightly lower, 

to the floating-BP model in the lobby/hallway, while values of β1
BEST = 10.54 dB and 

β1
OMNI = 10.10 dB were closer to the TX2 and TX3 models.

Diffraction plays a lesser role in the mmWave regime and in NLOS the RX will rely mostly 

on reflected paths. As we showed in the lobby/hallway environment, reflection from the 

right side of the hallway provided a strong signal at the RX (depending on the wall material), 

while diffraction was much lower and could not be detected just a few meters away from the 

corner. It is important to keep in mind that we presented a complex environment—lobby/

conference room with open doors and the TX outside—where we showed that when the 

direct and reflected paths are very weak, diffraction is the dominant mechanism and will 

cause discontinuity of the path loss data points. Accordingly, our approach was to eliminate 

the outlying path loss values in the zones and fit without them.

2) Closed Doors—In the second case, considered in this environment, the three wooden 

entrance doors to the conference room, each with 4.5 cm thickness, were closed, creating 

NLOS conditions for all RX positions inside. Fig. 6(d) shows the BEST and OMNI data. 
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Both models are characterized by a steep ascent from the shortest measured range of 6.9 m, 

when the robot was directly in front of the door, to the same BP d1 = 7.3 m as with open 

doors, when the robot was completely displaced from the door. As with the open doors, the 

parameters (α0, β0, σ0) were omitted from Table I due to an insufficient number and 

distance spread of the pre- BP data. In the post-BP segment, the path loss increases to 121.7 

dB for BEST and 114 dB for OMNI ( β1
BEST = 33.6 dB and β1

OMNI = 25.9 dB from the FS 

baseline, respectively) at the BP, substantial amounts for such a short range. While indeed 

substantial, the losses remained relatively constant throughout the room as indicated by the 

exponents α1
BEST = 0 and α1

OMNI = 0.04 and the small standard deviations σ1
BEST = 2.21 dB

and σ1
OMNI = 1.43 dB. In the conclusion, so long as the signal could penetrate the room 

through the doors, it remained at the same power level throughout the room, reaching the 

RX along various propagation paths.

IV. Conclusion

In this paper, we presented omnidirectional and maximum-power path-loss models for 

indoor environments at 83.5 GHz. The latter are particularly relevant because mm Wave 

RXs will steer their pencilbeam antennas toward the direction of the arrival path that has 

maximum power. The maximum power path-loss model also provides an understanding of 

the signal propagation and, as such, we hope can contribute to a more efficient design of 

future 5G systems. The environments investigated are typical of indoor hotspot deployments, 

namely, a basement, lobby, hallway, and conference room. To fit the models, measurements 

were recorded from over 3000 different TX–RX configurations in LOS and NLOS 

conditions up to a range of 160 m.

In addition to path-loss models, we analyzed the propagation mechanisms of direct 

transmission, specular reflection, and knife-edge diffraction in the environments. This was 

accomplished through inspection of measured directional channel responses in comparison 

with raytracing predictions. In NLOS, the direct path was undetected due to high penetration 

loss; while diffracted paths were detected, their power was recorded 11–23 dB weaker than 

reflected paths.
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Fig. 1. 

(a) mmWave channel sounder in the Basement environment: TX antenna is mounted on the 

tripod and the RX antenna array is placed on the robot. (b) BEST and OMNI path-loss 

models based on 351 unique TX–RX configurations in LOS conditions.
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Fig. 2. 

Directional CIR of an example TX–RX configuration. Each circle indicates an extracted 

multipath-channel component color-coded according to the path gain.
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Fig. 3. 

Hallway path-loss model. Although RX was in LOS conditions, BP was set at d1 = 26.3 m 

where discontinuity in the data points caused by staircase started.
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Fig. 4. 

Lobby/hallway environment. (a) TX1 position in a lobby area and RX position in the 

hallway close to the corner where NLOS conditions start. Notice the various types of the 

wall materials on the right side of the hallway. (b) Floorplan: RX transitions from LOS 

(solid orange line) to NLOS (dashed-dotted purple line) at the BP, at which it loses the direct 

path (dotted blue line) from TX1. Thereafter, the TX–RX distance is the BP distance d1 plus 

the incremental distance Δd along the hallway. (c) Floating-BP path-loss models generated 

by combining the data from the five TX positions.
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Fig. 5. 

(a) Raytracing prediction for three RX positions around the BP of TX4. The propagation 

mechanisms of direct transmission (blue dots), diffraction (dashed green line), and reflection 

(solid red line) are depicted at each position. Directional response of (b) RX1, (c) RX2, and 

(d) RX3.
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Fig. 6. 

(a) Photograph of the lobby/conference room with open doors environment. (b) Floorplan: 

RX moves along dashed-dotted purple line trajectory in conference room, mostly in NLOS 

except for Zone I in LOS. The dominant propagation mechanism in each of the Zones I–IV 

is depicted: direct transmission (dotted blue line), diffraction (dashed green line), or 

reflection (solid red line). In NLOS, the TX–RX distance is the BP distance d1 from TX6 to 

BP, plus the incremental distance (not shown) Δd from the BP to the RX. (c) BEST data 

points and path-loss model for Open Doors environment. (d) BEST and OMNI path-loss 

models for lobby/conference room with closed doors environment.
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TABLE IV

Comparison of Distance Metrics in Lobby/Hallway at the NLOS Waypoint at the End of the Hallway

Transmitter
Euclidean distance, d 

(m)

Piecewise distance, d1 + ∆d 
(m)

Incremental distance, ∆d 
(m)

Average BEST path 

loss, PL
BEST

 (dB)

TX1 21.2 22.6 12.5 120.5

TX2 18.4 21.5 13.7 122.1

TX3 22.0 24.3 13.0 120.0

TX4 24.1 24.8 11.5 108.8

TX5 20.6 20.9 11.0 107.1

Pearson’s corr. coef. −0.49 0.01 0.95

IEEE Trans Antennas Propag. Author manuscript; available in PMC 2019 May 09.



N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

Senic et al. Page 29

T
A

B
L

E
 V

C
o
m

p
ar

is
o
n
 o

f 
P

re
d
ic

te
d
 a

n
d
 E

st
im

at
ed

 M
P

C
 C

h
ar

ac
te

ri
st

ic
s 

in
 L

o
b
b
y
/C

o
n
fe

re
n
ce

 R
o
o
m

 W
it

h
 O

p
en

 D
o
o
rs

Z
o

n
e

P
re

d
. 
P

L
 (

d
B

)
E

st
. 
P

L
 (

d
B

)
P

re
d

. 
D

el
a
y
 (

n
s)

E
st

. 
D

el
a
y
 (

n
s)

P
re

d
. 
A

Z
 A

o
A

 (
d

eg
.)

E
st

. 
A

Z
 A

o
A

 (
d

eg
.)

I
8
7
.6

8
7
.2

2
2
.8

7
2
3
.1

2
1

1
.5

II
1
0
9
.8

1
0
8
.4

4
9
.6

3
5
0
.0

5
3
5
2

3
5
0

II
I

1
1
8
.3

1
1
3
.8

2
4
.0

3
2
4
.4

5
3
1

4
1

IV
9
1
.0

9
7
.8

3
3
.9

5
3
3
.9

5
4
6

4
6

IEEE Trans Antennas Propag. Author manuscript; available in PMC 2019 May 09.


	Abstract
	I. Introduction
	II. Measurement System and Data
	A. Channel Sounder
	B. Measurement Data

	III. Path-Loss Models
	A. Basement
	B. Hallway
	C. Lobby/Hallway
	1) Analysis of Propagation Mechanisms
	2) Transmitter-Specific Path-Loss Models
	3) Floating-Breakpoint Path-Loss Models

	D. Lobby/Conference Room
	1) Open Doors
	2) Closed Doors


	IV. Conclusion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	TABLE I
	TABLE II
	TABLE III
	TABLE IV
	TABLE V

