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Abstract— Human blockage and its dynamics are potential1

challenges for millimeter-wave (mm-wave) mobile communica-2

tion. This article presents the results of wideband measurements3

at 27 GHz with one human blocker close by a dynamic mobile4

terminal (MT) as well as one or multiple dynamic human5

blockers further away from an MT. The measured human6

blockage loss is largest when the direct path (DP) in a line-of-7

sight (LOS) is blocked, but this loss is limited by other multipath8

components (MPCs). For nonline-of-sight (NLOS) channels, it is9

shown that human blockage loss is typically negligible. The10

presented measurement results show that human blockage loss11

in multipath channels is much smaller than that reported in12

diffraction- and measurement-based models, which neglect or13

minimize the contribution of all MPCs other than the DP. This14

suggests that the multipath nature of the indoor wireless channel15

highly limits the impact of human blockage.16

Index Terms— Channel dynamics, channel sounding, delay17

spread (DS), human blockage, indoor measurements, millimeter-18

wave (mm-wave) propagation, path loss (PL).19

I. INTRODUCTION20

THE global mobile network data traffic has grown over21

50% per year since 2014 and it is expected that the fifth22

generation (5G) of wireless communication will account for23

54% of this data traffic in 2026 [1]. The millimeter-wave24

(mm-wave) band is expected to play a vital role in provid-25

ing high-speed and high-capacity networks for future mobile26

applications in 5G. The 24.25–27.5 GHz, 37–43.5 GHz, and27

66–71 GHz bands have been identified at the World Radio28

Conference 2019 for implementation of the terrestrial part29

of International Mobile Telecommunications [2]. Moreover,30

the European Commission has implemented a decision for the31

availability and efficient use of the 24.25–27.5 GHz band in the32

European Union for wireless broadband communication ser-33

vices [3], [4]. The use of these higher frequencies in 5G poses34

several challenges, which include directional communication,35

rapid channel fluctuations, and severe shadowing [5]. Human36

blockage is a potential cause of rapid channel fluctuations37

and shadowing, and its impact on the 27 GHz channel is38

investigated in this article.39
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An overview of human blockage models is given in [6]. 40

Human blockage is often modeled by diffraction-based mod- 41

els, which are based on either the geometrical theory of 42

diffraction or uniform geometrical theory of diffraction and 43

use simplified shapes such as screens and cylinders to model 44

the human body. These models are often verified by mea- 45

surements of human blockers walking in straight lines in 46

between directional antennas, which are separated by a short 47

distance to minimize the impact of the environment on the 48

measurements [7]–[10]. In [11]–[13], measurement-based 49

human blockage models are reported. These models are 50

derived from human blockage measurements over short dis- 51

tances using either directional antennas or neglecting multipath 52

components (MPCs) other than the direct path (DP). These 53

diffraction- and measurement-based models neglect or limit 54

the impact of MPCs other than the DP. This could result 55

in an overestimation of human blockage loss when these 56

blockage models are applied in stochastic models of multipath 57

channels. 58

This article presents channel sounding results of an exten- 59

sive measurement campaign at 27 GHz, which shows the 60

impact of human blockage on dynamic indoor multipath chan- 61

nels between an access point (AP) and a mobile terminal (MT) 62

for the first time. This is important because the human 63

blockage models available in the literature do not include 64

the effect of MPCs on the perceived human blockage loss. 65

Two measurement scenarios are explored in this article: 1) a 66

dynamic MT with a close by human blocker and 2) a static MT 67

with one or multiple human blockers. The measured human 68

blockage loss provides deterministic insight into the channel 69

and its dynamics and is compared to the human blockage loss 70

reported in the literature to show how it is affected by the 71

multipath environment. The impact of human blockage on the 72

fit of the measured path loss (PL) to the close-in PL model 73

(CI-model) is determined for scenario 1. Furthermore, the 74

effect of human blockage on the measured rms delay 75

spread (DS) is shown. The measurements are aggregated to 76

approximate the omnidirectional channel response and are 77

further analyzed to provide insight into the impact of human 78

blockage on directional channels. 79

The key contributions of this work can be summarized as 80

follows: 81

1) results and analysis of the first extensive measure- 82

ment campaign on dynamic indoor human blockage at 83

27 GHz; 84
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Fig. 1. Block diagram of MISO channel sounder.

TABLE I

CHANNEL SOUNDER SETTINGS AND PARAMETERS

2) analysis of the impact of human blockage on PL and85

DS statistics;86

3) analysis of the impact of human blockage on both87

directional and approximated omnidirectional channels.88

The remainder of this article is organized as follows. The89

measurement setup is described in Section II. In Section III,90

the measurement scenarios are described. The measurement91

results of scenarios 1 and 2 are presented in Sections IV and V,92

respectively. This article is concluded in Section VI.93

II. MEASUREMENT SETUP94

A. Hardware95

A 3 × 1 multiple-input–single-output (MISO) channel96

sounder has been developed at the Eindhoven University of97

Technology. A block diagram of the channel sounder is shown98

in Fig. 1 and an overview of its settings and parameters is99

given in Table I.100

Three BPSK-modulated maximum-length sequences101

(MLSs) with 4095 chips each are transmitted sequentially102

by an arbitrary waveform generator (AWG) at a rate of103

399.90234375 Mcps via three distinct transmit channels. The104

MLS is upconverted to 27 GHz and amplified to 25 dBm,105

where the carrier is provided by a local oscillator (LO). The106

20 dB attenuators are used in the indoor campaign to limit107

the transmit power to 5 dBm. Vertically polarized standard108

gain horn antennas with a gain of 24 dBi, E-plane half-power109

beamwidth (HPBW) of 10◦, and an H-plane HPBW of 11◦
110

are used at the transmitter (Tx), which results in a maximum 111

effective isotropic radiated power (EIRP) of 29 dBm per 112

channel. A vertically polarized 3 dBi omnidirectional antenna 113

with a 45◦ E-plane HPBW is used at the receiver (Rx). The 114

received signal is amplified by a low-noise amplifier with 115

48 dB gain and 4 dB noise figure and downconverted to 116

an intermediate frequency of 800 MHz. The signal is then 117

amplified by an 8 dB hybrid amplifier, low-pass filtered 118

(LPF), and digitized at a rate of 3.2 GS/s by a digitizer 119

(DIG). 120

The Tx and Rx equipment is mounted in and on top of 121

mobile carts. A 360◦ camera at the Rx cart records a video at 122

30 frames/s, which is used for synchronization and analysis of 123

the measurements. A measurement is taken every 0.2 s. Every 124

measurement point consists of 50 snapshots of the channel at 125

a trigger rate of 4.8828125 kHz, where each snapshot includes 126

a record of all three sequentially transmitted MLS. 127

B. Synchronization 128

Rubidium clocks (denoted as CLK in Fig. 1) are used for 129

frequency and temporal synchronization between the Tx and 130

the Rx. Before the start of the measurement campaign, the 131

Tx is triggered by a trigger module to start transmitting a 132

distinct repetitive sequence at each Tx channel, which consists 133

of multiple copies of the corresponding MLS and zeros. The 134

zeros are added to prevent transmission of a channel during the 135

time slots a different channel is transmitting an MLS, which 136

enables sequential transmission of the three Tx channels. 137

The wired connection between the two rubidium clocks is 138

removed just before the start of the measurement campaign. 139

The DIG is triggered by the trigger module before every snap- 140

shot to provide temporal synchronization. The drift between 141

the Tx and the Rx is approximately linear when the rubidium 142

clocks are disconnected [14]. A linear fit is applied between 143

the wired back-to-back measurements at the start and end 144

of the measurement campaign to determine the approximate 145

drift for each measurement, which is compensated for to 146

obtain accurate absolute delays. During the 7 h measurement 147

campaign described in this article, 12 line-of-sight (LOS) mea- 148

surements with known Tx–Rx distance are taken to estimate 149

the mean and maximum error that the linear drift assumption 150

entails. The mean and maximum errors for these measurements 151

are 2 and 8 ns, respectively, which correspond to errors of 152

0.6 and 2.4 m, respectively. 153

C. Postprocessing 154

The digitized signal with low intermediate frequency is 155

downconverted to baseband, LPF, and resampled to eight times 156

the chip rate, which enables all further processing with exactly 157

eight samples per chip. The calibration method described 158

in [15] is applied to remove the system response from the 159

measured channel response, using a back-to-back measure- 160

ment between each Tx channel and the Rx. A compensation 161

for the antenna gains is then applied to obtain the channel 162

impulse responses. The power-delay-profile (PDP) for each 163
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Fig. 2. Floor plan of measurement scenario 1, depicting the three Tx beams and six Rx tracks. The direction of movement is indicated by the red arrows
and the synchronization points are depicted by red dots. The open spaces indicate the areas where no flooring is present.

channel is calculated as164

pt(τ ) = 1

Ns

Ns∑
k=1

∣∣hk
t (τ )

∣∣2
(1)165

where τ is the delay index, Ns = 50 is the number of166

snapshots, and hk
t (τ ) is the channel impulse response of the167

channel of transmit beam Txt (with t = 1, 2, 3) and snapshot168

k. The PDP of the aggregate channel between the three Tx169

channels and the Rx is calculated as170

ptot (τ ) =
T∑

t=1

pt(τ ) (2)171

where T = 3 is the number of transmit channels. The aggre-172

gate channel is denoted by superscript tot in this article and173

approximates the omnidirectional channel as will be shown174

in Section III. Equation (2) implements the summation of175

directional channels to acquire the aggregate channel response,176

a method also used in [16] and [17]. This method requires177

sufficient spatial isolation between the Tx beams to avoid178

duplicate counting of paths. An alternative method [18], [19]179

of using the maximum instead of the sum over the directional180

channels eliminates the isolation requirement but suffers from181

not counting paths at delay instances where another stronger182

path is present via a different Tx beam. It will be shown in183

Section III that the isolation is sufficient for the considered184

measurement scenarios to use the summation method.185

A dynamic threshold of 20 dB below the PDP peak value,186

as also used in [20]–[22], is applied to exclude potential187

spurious peaks that remain after calibration. A fixed threshold188

is defined at −150 dB to exclude noise. All delay indices,189

τT H , of a PDP above the threshold can then be defined as190 {
τT H ∈ τ ∧ ptot(τT H ) > T H

}
(3)191

where T H is the maximum of the dynamic and fixed thresh-192

olds. The PL of the aggregate channel is calculated as193

PLtot = −10 log10

(∑
τT H

ptot(τT H )

)
. (4)194

The DS is defined as 195

DStot =
√∑

τT H

(
(τT H − TD − τM )2 ptot(τT H )

)
∑

τT H
ptot (τT H )

(5) 196

where 197

TD =
∑

τT H
τT H ptot(τT H )∑

τT H
ptot(τT H )

− τM (6) 198

and τM is the delay corresponding to the first path in the 199

PDP [23]. The formulas for the PL and DS of the separate 200

channels between the Tx and Rx can be obtained by replacing 201

the superscript tot by the subscript t in (4)–(6). 202

III. MEASUREMENT SCENARIOS 203

Measurements are performed at floor 9 of the flux building 204

at the Eindhoven University of Technology campus to inves- 205

tigate the impact of human blockage on the indoor multipath 206

channel. A floor plan is shown in Fig. 2 and pictures of the 207

measurement environment can be seen in Fig. 3. This floor 208

is a modern open office environment with two long corridors, 209

glass-walled offices and meeting rooms at the sides, flexible 210

workspaces at both ends, an open space at its center, and 211

concrete floors. There are large windows at both ends of the 212

corridors, denoted by w1 and w2. Besides the elevators, metal 213

fire doors that are countersunk into the walls are potentially 214

good reflectors. The Tx, which acts as an AP, is placed at one 215

end of a long corridor and each Tx beam is directed toward 216

one of the three corridors that are visible from the Tx site. The 217

Rx represents an MT in the channel. The Tx antenna height is 218

1.8 m and the Rx antenna height is 1.5 m. Two measurement 219

scenarios are explored: 1) a dynamic MT with a close by 220

human blocker and 2) a static MT with one or multiple 221

human blockers. Scenario 1 allows for the measurement of 222

human blockage for an MT at many locations in the office 223

environment, where the blocker is within 0.4–0.8 m from the 224

MT. Scenario 2 shows the impact of one or multiple human 225

blockers further away from the MT in a multipath channel. 226
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Fig. 3. Photographs of measurement environment. (a) View from behind the
Tx is shown. (b) Rx at the center of track 3 is depicted. (c) Image of the Rx
camera taken at three quarters of track 2 is shown.

A. Scenario 1: Dynamic MT With Close by Human Blocker227

The first measurement scenario that is investigated is the228

dynamic MT with a close by person that can potentially229

block (part of) the AP-MT channel. This potential human230

blocker pushes or pulls the Rx cart and is 1.9 m tall. Five231

blocker positions are defined in Fig. 4 with respect to the232

walking direction indicated by a gray arrow. b0 represents the233

unblocked reference case, where the operator is completely234

below the surface of the cart. b1 represents a blocker at235

the back with the operator walking upright. b2 is the front236

blocker position, where the operator pulls the cart forward in237

upright posture. b3 and b4 are the left- and right-side blockers,238

respectively, where the operator is slightly off-center from the239

antenna, because of practical limitations when pushing the cart240

from the side. The distance between the Rx antenna and the241

human blocker is approximately 0.8 m for b1 and b2 and 0.4 m242

for b3 and b4.243

An overview of this measurement scenario is shown in244

Fig. 2. The Rx is moved three times along each of the six245

Fig. 4. Illustration of the five measured human blocker positions for
scenario 1, where blocker position b0 depicts the unblocked case with the
operator completely below the surface of the cart.

indicated tracks for all five blocker positions. The direction of 246

movement is indicated by the red arrows. Track 1 is completely 247

in LOS, while tracks 2–6 are entirely in nonline-of-sight 248

(NLOS). The measurement locations are synchronized with 249

the recorded video via timestamps. The Tx–Rx distance is 250

determined at all positions indicated by the red dots in Fig. 2. 251

The Tx–Rx distance is then calculated for all measurement 252

points along the tracks via interpolation between the red dots, 253

assuming a constant velocity of the Rx cart. 254

The aggregate channel approximates the omnidirectional 255

channel between the Tx and Rx because the three Tx beams 256

cover the three corridors with their HPBW and the spatial 257

isolation between the Tx beams is more than 7 dB for all 258

angles of departure in the direction of the corridors. This 259

spatial isolation is sufficient and significantly larger than 260

the spatial isolation in case of the commonly used channel 261

sounding practice of rotating a horn antenna in steps of one 262

HPBW [16], [17], [24]. 263

B. Scenario 2: Static MT With One or 264

Multiple Human Blockers 265

A second set of experiments is conducted where one or 266

multiple dynamic potential human blockers (1HB/MHB) are 267

walking in an area around a static MT. Fig. 5 shows this mea- 268

surement scenario with the Rx located at LOS location sLOS 269

and NLOS location sNLOS. In this experiment, the 1HB walks 270

through the corridors along the depicted lines to cover the main 271

part of the area around the Rx. This deterministic approach is 272

used to approximate the human blockage distribution for one 273

blocker in the corresponding areas. The tracks are color-coded, 274

where, for example, 1HBLOS-PT indicates the measurement set 275

of one human blocker walking along the purple track for static 276

LOS location sLOS. The MHB measurements are conducted 277

with multiple people walking randomly in the gray area in 278

case of sLOS (denoted by MHBLOS) and yellow area in case 279

of sNLOS (denoted by MHBNLOS). This shows the impact of 280

multiple potential human blockers in the channel compared 281

to one or no blocker. Six people are present in the MHBLOS 282

measurements, which is a realistic number of people walking 283

through this office corridor at the same time. Only three people 284

are part of the MHBNLOS measurements because of the smaller 285

area. 286
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Fig. 5. Overview of measurement scenario 2 with the Rx at static locations sLOS and sNLOS. The tracks along which the 1HB walks are depicted by straight
lines and the areas in which the MHB walk are shown colored.

IV. RESULTS OF SCENARIO 1: DYNAMIC MT WITH287

CLOSE BY HUMAN BLOCKER288

For scenario 1 in Fig. 2, the human blockage loss is289

determined along each track for the blocker positions shown290

in Fig. 4. First, the measurement results along the tracks are291

discussed to provide deterministic insight into the measured292

channels. The statistics of the measured human blockage loss293

are provided to show its general impact on the multipath294

channel. The fit of the PL to the CI-model is discussed to295

show how it is impacted by human blockage and the impact of296

human blockage on the DS along the tracks is shown. Finally,297

the impact of human blockage on the corresponding directional298

channels is discussed.299

A. Comparison of Human Blockage Loss per Track300

A |comparison of the blocker positions b1–b4 with the301

unblocked position b0 provides deterministic insight into the302

human blockage loss per track. The three repeated measure-303

ment sets of PLtot are combined in one set for each track and304

blocker position. A uniformly weighted moving average with305

a window of ±0.5 m around every measurement point is then306

applied to obtain the average PLtot . The human blockage loss307

is then calculated as the difference between the average PLtot
308

with respect to the average PLtot of b0 for each blocker position309

b1–b4. Fig. 6 shows the human blockage loss along each track310

of scenario 1. The corresponding PDPs, video footage, and311

individual contributions of each beam Txt are analyzed, but312

not all shown for the sake of brevity.313

1) LOS Track 1: The largest blockage loss is observed in314

Fig. 6(a) for blocker position b2 along LOS track 1. This315

blocker position is directly within the DP between the Tx and316

the Rx, which results in a maximum blockage loss of 16 dB.317

Large fluctuations in blockage loss as a function of position as318

well as negative blockage loss can be observed. Their origin319

can be explained using the corresponding PDPs.320

The normalized PDP ptot (τ ) of an unblocked measurement321

(b0) in the middle of track 1 is shown in Fig. 7, which shows322

the distinct MPCs in this measurement. Several distinct paths323

are visible besides the DP, which are established via reflections 324

from windows w1 and w2 (see Fig. 2). These reflected paths 325

are denoted as WRr, where r indicates the order in which the 326

window reflections of the corresponding path occur. The paths 327

WR2, WR2,1, and WR2,1,2 are above the 20 dB threshold at 328

some parts of track 1. WR2 is sometimes even stronger than 329

the DP for b0, which is due to multipath fading. Multipath 330

fading between paths within both the DP and WR2, which 331

cannot be distinguished at the chip resolution of 2.5 ns, causes 332

fluctuations in the measured PLtot and human blockage loss. 333

WR2 is relatively strong at the start of track 1, where its 334

propagation distance is smallest, resulting in a relatively low 335

blockage loss there when the DP is blocked by b2. Blocker 336

position b1, which mainly affects WR2, results in a relatively 337

large blockage loss of up to 8 dB at the parts of the track where 338

WR2 is stronger than the DP for b0. The negative blockage 339

loss can also be explained by changes in multipath fading due 340

to the different blocker positions. 341

2) NLOS Tracks 2–6: For NLOS tracks 2–6, the maximum 342

measured blockage loss is 5 dB [see Fig. 6(b)–(f)]. The 343

largest blockage events along these tracks can be explained 344

by comparison with the scenario layout in Fig. 2. The largest 345

blockage for track 2 occurs at the beginning of this track, 346

where paths via the glass-walled offices at the side are blocked 347

by blocker b3 at the left of the Rx cart, which results in a 348

blockage loss of up to 4 dB. Beam Tx2 is optimum at the 349

beginning of track 3 via a reflected path from the metal fire 350

door at the right of this track, which is blocked by blocker 351

position b4 and results in a 2–3 dB blockage loss. Paths via 352

beam Tx1 are strongest at the middle of this track, where 353

blockage by b3 results in up to 4 dB loss. Furthermore, 354

blockers b1 and b4 cause up to 3 dB loss by blocking reflected 355

paths via the elevator. A maximum blockage of 5 dB occurs 356

at the end of track 3, where paths via beam Tx3 are blocked. 357

Track 4 shows the smallest overall blockage loss. The PL 358

is relatively high along this track and many paths from beam 359

Tx2 with similar magnitude contribute to the channel. Thus, 360

blockage by all positions can be effectively compensated by 361

paths from other directions. Beam Tx2 is optimum along 362
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Fig. 6. Measured human blockage loss along the tracks in scenario 1. (a) Track 1. (b) Track 2. (c) Track 3. (d) Track 4. (e) Track 5. (f) Track 6.

tracks 5 and 6. The largest blockage occurs at the end of363

track 5 and at the start of track 6, where b4 and b3, respectively,364

block the most DPs coming from the long corridor at the365

bottom of Fig. 2, which results in a 3–5 dB blockage loss. 366

Reflections from the meeting room next to this track limit the 367

blockage loss here. 368
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Fig. 7. Example of a PDP, ptot (τ ), in the middle of track 1 for b0, which
shows several distinct paths WRr that are established via reflections from the
windows w1 and w2.

Fig. 8. Blockage loss distributions of scenario 1. (a) Category A: LOS with
DP blocked. (b) Category B: NLOS with potential human blocker.

B. Statistics of Human Blockage Loss369

Probability distributions can provide a general overview370

of the measured human blockage loss and can be used for371

comparison to results in the literature. The blockage loss can372

be generalized into two categories: A) LOS with DP blocked373

and B) NLOS with potential human blocker. Category A374

can be compared to the human blockage loss models and375

measurements available in the literature to show the impact of376

the multipath environment in case of a blocked DP in an LOS.377

Category B shows how much blockage loss a potential human378

blocker causes in an NLOS channel, where the direction of379

arrival of the strongest path is unknown. The corresponding380

probability distributions are shown in Fig. 8, including their381

least-squares fit to the normal distribution N ∼ (μ, σ ).382

The probability distribution in Fig. 8(a) of an LOS with the 383

DP blocked is obtained from the measurements of b2 along 384

track 1. It has a mean blockage loss of 7.6 dB and a standard 385

deviation of 3.1 dB, where the normal distribution underes- 386

timates the maximum blockage occurrences. The measured 387

blockage ranges between 2 and 16 dB. These human blockage 388

results can be compared to the results reported in [8], which 389

show a 20–30 dB blockage loss at 28 GHz for a human blocker 390

at 0.6–0.8 m from a 20 dBi antenna. No direct comparison can 391

be made to the results reported in [6], [7], [9], and [12] due to 392

the use of different frequencies or different distances between 393

the blocker and the antenna, but these papers also report a 394

larger human blockage loss of typically 10–30 dB. In these 395

papers, the effect of multipaths is limited by using short 396

distances between the Tx and Rx antennas or by measuring 397

in an open space. The results presented in this article thus 398

show that along the measured indoor LOS track, the multipath 399

environment highly limits the blockage loss in case of a 400

blocked DP by a human blocker close by an MT. 401

The probability distribution of human blockage loss in 402

case of an NLOS with a potential human blocker is shown 403

in Fig. 8(b), which includes the measurements of blocker 404

positions b1–b4 along tracks 2–6. The normal distribution fit is 405

provided for reference, which underestimates the 0–1 dB and 406

3–5 dB blockage loss occurrences. These results show that 407

the potential human blocker in an NLOS environment results 408

in a very limited blockage loss with a mean of 0.5 dB and 409

a maximum of 5 dB. The measured human blockage loss in 410

an NLOS environment, which typically contains more MPCs 411

than an LOS environment, is thus highly limited by the rich 412

multipath environment for a human blocker close by an MT. 413

C. Impact of Human Blockage on Close-In Path Loss Model 414

The CI-model is fitted to the measured PLtot of scenario 1 415

for all blocker positions and tracks to show how the different 416

blocker positions change the statistics of the measured chan- 417

nels. Using a close-in distance of 1 m, the CI-model can be 418

defined as 419

PLCI(d) = 20 log10

(
4π f

c

)
+ 10 n log10(d) + χσS F (7) 420

where d is the distance between the Tx and the Rx, f is the 421

carrier frequency, c is the speed of light, n is the PL exponent, 422

and χσS F is a normally distributed random variable with zero 423

mean and standard deviation σSF , also known as the shadow 424

factor [25]. 425

n and σSF of the CI-model fits are given in Table II and 426

compared to the unblocked case b0. Blocker b2 at LOS track 1, 427

which blocks the DP, increases n from 1.9 to 2.4 and σSF 428

from 3.8 to 4.2 dB. The increase in n is most significant 429

and shows that blockage of the DP significantly changes the 430

channel statistics in an LOS environment. The largest change 431

in σSF occurs for b1 along track 1, where σSF increases from 432

3.8 to 4.5 dB. This is caused by blockage of WR2, which 433

then cannot compensate for losses due to multipath fading in 434

the DP. Blockers b1–b4 along NLOS tracks 2–6 result in a 435

maximum change of 0.1 in n and 0.3 dB in σSF . The channel 436
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Fig. 9. Measured cdfs (solid lines) of DStot along the tracks in scenario 1 for the blocker positions b0–b4 and corresponding distributions (dashed lines).
(a) Track 1. (b) Track 2. (c) Track 3. (d) Track 4. (e) Track 5. (f) Track 6.

statistics are thus not significantly altered by a human blocker437

close by an MT in the measured NLOS channels.438

D. Delay Spread439

Another important large-scale parameter that can be affected440

by human blockage is the DS. DStot for all blocker positions441

of each track is compared via the respective cumulative442

distribution functions (cdfs). The cdfs of the measured DStot
443

are plotted as solid lines in Fig. 9 for tracks 1–6. The cor- 444

responding normal or gamma distributions are depicted by 445

dashed lines, where the gamma distribution is given as �(k, θ). 446

The cdf is zero for DS smaller than zero by the definition of 447

DS, so all negative values obtained from these distributions 448

should be equated to zero when using these distributions. 449

DStot of LOS track 1 is large due to the WRr paths, which 450

have large propagation delays. Blocker b2 mainly blocks the 451

DP, which increases the corresponding DStot . Blocker position 452
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TABLE II

CI-MODEL PARAMETERS OF PLtot FOR ALL BLOCKER POSITIONS ALONG EACH TRACK IN SCENARIO 1, WITH σSF IN dB

TABLE III

PERCENTAGE (%) OF THE MEASUREMENT POINTS THAT EACH TX BEAM

IS OPTIMUM ALONG A TRACK AND ITS PERCENTAGE OF THE TOTAL

PATH GAIN, BOTH FOR THE UNBLOCKED CASE b0

b1 decreases DStot by blocking the WRr paths arriving from453

the back. Blocker b4 also shows a lower DStot, which can454

also be caused by blockage of WRr paths. DStot of this LOS455

track is thus significantly affected by human blockage, which456

is also visible by the change in mean value of the normal457

distributions.458

Fig. 9(a)–(f) shows the DStot cdfs for the NLOS tracks 2–6.459

Track 3 has a relatively small DStot because it is shielded460

from the large open area and long corridors by the elevators461

and is best represented by a gamma distribution. The most462

significant impact of a blocker on DStot is along track 5 for463

blocker position b4, where the average DStot is increased by a464

blocker on the right, blocking paths from the corridor at which465

beam Tx2 is pointed. The overall impact of human blockage on466

the DStot of the NLOS tracks is small and typically negligible,467

which is also shown by the limited differences in the normal468

and gamma distribution parameters of the different blocker469

positions.470

E. Impact of Human Blockage on Directional Channels471

The results presented above show that the impact of472

human blockage on the aggregate channel is mitigated by473

the multipath nature of this channel. However, the adoption474

of directional antennas in mm-wave communication systems475

limits the number of available MPCs at a given time. Beam476

steering or switching is then needed at both the AP and MT477

to point the antenna beams in the optimum directions. The478

beam switching or steering methods applied, as well as the479

antenna beamwidths, will affect the impact of human blockage480

on directional channels.481

TABLE IV

PERCENTAGE (%) OF MEASUREMENT POINTS THAT HAVE A DIFFERENT

OPTIMUM BEAM THAN THEIR PRECEDING MEASUREMENT POINT FOR

EACH BLOCKER POSITION, INDICATING A CHANGE IN
OPTIMUM TX BEAM

The effect of Tx beam switching on the measured human 482

blockage loss is investigated for scenario 1 to show whether 483

AP beam switching could mitigate human blockage. The 484

unblocked case of blocker position b0 is used as a reference. 485

The contribution of each beam Txt is quantized for b0 in order 486

to show how much these beams contribute to the aggregate 487

channel. The percentage of measurement points, for which 488

each beam Txt is optimum, is calculated for each track, 489

where the beam with the lowest PLt is considered optimum. 490

In addition, the percentage of the total path gain that each Tx 491

beam contributes to the channel is calculated for b0 along each 492

track as 493

% path gain =
(

1

Mtr

Mtr∑
m=1

10− PLt (m)
10∑

t 10− PLt (m)
10

)
× 100% (8) 494

where Mtr is the total number of measurement points along 495

the track. The calculated percentages are given in Table III. 496

Beam Tx2 is optimum along the entire tracks 1 and 4–6 with 497

over 80% of the total path gain established via beam Tx2. This 498

shows that the average contribution of Tx1 and Tx3 is small 499

along these tracks. Each of the three Tx beams is optimum 500

along part of tracks 2 and 3, and the percentage path gain along 501

these tracks is more evenly divided over these beams. Thus, 502

beam switching is required along tracks 2 and 3 to maintain 503

the lowest PLt in the unblocked case. 504

Table IV shows the percentage of measurement points 505

that have a different optimum beam than their preceding 506

measurement points for all blocker positions. Switching to a 507
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different beam would thus result in a lower PLt for this per-508

centage of measurements. For reference b0, when no blocker509

is present in the channel, 0% of optimum beam changes510

occur for tracks 1 and 4–6 because beam Tx2 is always511

optimum here. Beam Tx2 remains optimum for almost all512

measurements along these tracks when a blocker is present513

in the channel, with 0%–1% changes in optimum beam. Thus,514

in the measured human blockage scenario, Tx beam switching515

cannot improve the channel when there is one dominant beam516

in the unblocked channel, which provides over 80% of the517

total path gain; 14% and 23% of changes in optimum beam518

occur along unblocked tracks 2 and 3, respectively. Blocker519

position b1 reduces the number of optimum beam changes520

along track 2 to 8%. Blocker positions b3 and b4 increase521

the percentage of optimum beam changes along track 3 to522

32% and 27%, respectively, by mainly blocking the paths from523

Tx1. Thus, human blockage in the measured scenario can both524

slightly increase or decrease the number of optimum Tx beam525

changes when there are multiple Tx beams that contribute to526

the unblocked channel, but the overall impact of Tx beam527

switching is limited.528

It is expected that Rx beam switching will be more impor-529

tant to limit human blockage loss because both scatterers530

and human blockers are in general closer to the MT than531

AP. No angle-of-arrival information is obtained in the mea-532

surement campaign discussed in this article. However, some533

comparisons between the time of arrivals and the physically534

possible paths between the Tx and the Rx can be made. In case535

of LOS track 1, WR2 is sometimes stronger than the DP, thus536

requiring a 180◦ beam change to minimize the PL. For track 3,537

all three beams are optimum along part of the track, which will538

require Rx beam switching to minimize the PL.539

V. RESULTS OF SCENARIO 2: STATIC MT WITH ONE OR540

MULTIPLE HUMAN BLOCKERS541

In contrast to scenario 1, scenario 2 shows the impact of542

one or multiple human blockers further away from a static543

MT. The corresponding human blockage loss is discussed for544

both an LOS and NLOS location. The use of a static MT545

allows for direct comparison between the PDPs of blocked546

and unblocked measurements. The impact of human blockage547

on the DS for this scenario is shown at the end of this section.548

A. Human Blockage Loss549

For scenario 2, the human blockage loss is calculated as550

HBL(m) = PLtot(m) − PLtot
unblocked (9)551

where PLtot(m) is the PL for measurement point m and552

PLtot
unblocked is the PL of the static aggregate channel without a553

human blocker. PLtot
unblocked is 97.5 dB for sLOS and 101.6 dB554

for sNLOS. Five measurement points per second are taken. The555

number of measurement points for every measurement set (see556

Fig. 5 for corresponding tracks and areas) is given in Table V,557

as well as the minimum, mean, and maximum human blockage558

loss.559

TABLE V

MINIMUM, MEAN, AND MAXIMUM MEASURED HUMAN BLOCKAGE LOSS
(IN dB) AND THE NUMBER OF MEASUREMENT POINTS FOR THE

VARIOUS MEASUREMENT SETS IN SCENARIO 2

Fig. 10. Blockage loss distributions of 1HBLOS-PT and MHBLOS at sLOS
for scenario 2.

1) LOS Location sLOS: There is an LOS between the Tx 560

and the Rx when the Rx is positioned at sLOS and only beam 561

Tx2 contributes to the channel at this location. 1HBLOS-OT, 562

where the single potential blocker is behind the Rx and thus 563

not within the DP, results in a negligible ±1 dB blockage 564

loss. Analysis of the corresponding PDPs (not shown) reveals 565

that the DP remains constant for all 1HBLOS-OT measurement 566

points, but the magnitude of WR2 fluctuates due to the human 567

blocker, which results in small fluctuations in blockage loss. 568

Fig. 10 shows the blockage loss distribution of 1HBLOS-PT, 569

where the blocker is in the area between the Tx and the Rx. 570

Part of this track is not directly in between the Tx and Rx, 571

which explains the low absolute blockage loss occurrences. 572

However, the blockage loss neither exceeds 7.5 dB when the 573

blocker is directly in between the Tx and the Rx, blocking 574

the LOS. The blockage loss is low compared to the measured 575

blockage loss of 15–30 dB for case 1 in [8], where a human 576

blocker walks between two directional antennas that are in 577

LOS and separated by 3.6 m. The measurements presented 578

here have a much larger Tx–Rx distance and include an 579

omnidirectional Rx antenna, which allows MPCs from the 580

floor, ceiling, and walls to contribute to the channel and limit 581

the blockage loss. 582

The blockage loss distribution of MHBLOS with six potential 583

blockers in the gray area around sLOS is also shown in Fig. 10. 584

There was always one person in the area between the Tx and 585

the Rx, more than one person for 90% and all six people for 586
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Fig. 11. Comparison of PDPs in case of no blocker and the maximum
blockage of MHBLOS at sLOS for scenario 2. The dashed lines depict the
20 dB thresholds.

14% of the measurements. The additional human blockers only587

result in a slight increase in mean and maximum blockage loss588

compared to 1HBLOS-PT. Both the 1HBLOS-PT and MHBLOS589

blockage loss distributions exhibit a bimodality. One mode is590

visible around 0 dB, where the blockers cause a change in591

fading. A second mode is present around 5 dB, which occurs592

due to blockage of the main paths. The maximum blockage593

loss of 9.5 dB occurred when only three people were in the594

area between the Tx and the Rx. The PDP of this measurement595

is shown in Fig. 11 with the PDP of the static unblocked596

channel for comparison. The PDP of maximum blockage is597

shifted −1.8 ns to align its DP peak to the unblocked DP598

peak. The corresponding 20 dB thresholds are depicted by599

dotted lines. The DP is attenuated with 19 dB by the blockers600

compared to the unblocked DP, while the blockage loss is only601

increased by 9.5 dB. This is due to the contribution of other602

MPCs in the channel within the 20 dB dynamic range. The603

multipath nature of the channel thus reduces the blockage loss604

by 10 dB for this measurement.605

2) NLOS Location sNLOS: The second static MT location606

sNLOS is an NLOS position in a hallway next to the elevators,607

as shown in Fig. 5. The PL for the separate channels, PL1,608

PL2, and PL3, is 104.6, 109, and 106.7 dB, respectively, which609

shows that all three Tx beams significantly contribute to the610

channel. Fig. 12 shows the corresponding normalized PDPs611

(solid lines) for the window 75–150 ns, which contains the612

strongest paths. The peaks centered around 85 ns are the most613

DPs via the corridor that Tx1 points at. The peak of Tx3614

at 85 ns is due to radiation of Tx3 outside of its HPBW,615

in the pointing direction of Tx1. The strongest path at 96 ns616

originates from Tx1 and is a reflected path via the elevator.617

This path is thus stronger than the more DP from Tx1. The618

three strongest paths of Tx3 between 110 and 135 ns are via619

the corridor that Tx3 points at and contain a different number620

of bounces between the metal fire doors and elevator around621

sNLOS.622

The two strongest paths from Tx1 are not blocked by the623

potential blocker in 1HBNLOS-GT and 1HBNLOS-RT, which624

results in a negligible blockage loss of less than 1 dB (see625

Table V). In 1HBNLOS-BT, the strongest paths are potentially626

blocked by the human blocker, but this blocker only causes a627

Fig. 12. PDPs for beams Tx1, Tx2, and Tx3 in case of no blockage at sNLOS,
compared to the maximum blockage of MHBNLOS for scenario 2.

Fig. 13. Probability density of blockage loss at sNLOS of 1HBNLOS-BT and
MHBNLOS for scenario 2.

maximum blockage loss of 2 dB. The corresponding blockage 628

loss distribution is shown in Fig. 13. The human blocker 629

slightly changes the multipath fading but does not add sig- 630

nificant blockage loss here. 631

In the MHBNLOS experiment, three people are asked to walk 632

randomly around sNLOS in the yellow area in Fig. 5. The 633

blockage loss probability distribution for MHBNLOS is also 634

shown in Fig. 13. The maximum measured blockage loss is 635

2.3 dB, which shows that severe blockage is prevented by 636

the multipath environment. The maximum blockage occurred 637

when one person was in the middle of the corridor that Tx1 638

is pointed at and another person was directly in between the 639

Rx and the elevator. The corresponding PDPs for the three 640

Tx beams are plotted in Fig. 12 (dotted lines). The strongest 641

MPC at 96 ns is attenuated by 12 dB compared to the no 642

blocker case. This reflected path from the elevator is blocked 643

by the person standing in between the elevator and the Rx. The 644

second potential blocker in the corridor that Tx1 is pointed at 645

possibly contribute to the attenuation of the MPC at 96 ns too. 646

The magnitude of the two paths around 85 ns is also changed 647

due to this blocker. The attenuation of the strongest MPC from 648

Tx1 is compensated by other MPCs from mainly Tx1 and Tx3, 649



8302 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 70, NO. 9, SEPTEMBER 2022

Fig. 14. CDFs of DStot for measurements at sLOS for scenario 2.

Fig. 15. CDFs of DStot for measurements at sNLOS for scenario 2.

resulting in a 2.3 dB human blockage loss opposed to 12 dB.650

This shows that the effect of human blockage can be reduced651

by a rich multipath environment in an NLOS location.652

B. Delay Spread653

The cdfs for the measurements of DStot at sLOS are shown654

in Fig. 14. DStot in case of the static channel with no blocker655

is 112 ns. DStot is mainly determined by the magnitude of the656

WRr paths relative to the DP. 1HBLOS-OT results in relatively657

small changes in DStot, due to (partial) blockage of WRr paths658

arriving from the back. DStot varies between 1 and 237 ns for659

1HBLOS-PT, where the minimum DStot occurs when there are660

no MPCs within 20 dB of the DP and the maximum occurs661

when the DP is severely blocked. MHBLOS shows a lower662

DStot compared to 1HBLOS-PT due to higher blockage of WRr663

paths when multiple blockers are in the channel. For sLOS,664

a similarly large variation in DStot can thus be observed as for665

LOS track 1 in scenario 1 due to (partial) blockage of the DP666

and WRr paths.667

Fig. 15 shows the cdfs of DStot for NLOS location sNLOS.668

DStot in case of no blockage is 36 ns. The variation in669

DStot is small for most measurements along 1HBNLOS-GT670

and 1HBNLOS-RT. 1HBNLOS-BT and MHBNLOS show a small671

reduction in median DStot and a larger spread. However, the672

absolute variation in DStot for sNLOS is small.673

VI. CONCLUSION674

The impact of human blockage on the dynamic indoor675

multipath channel at 27 GHz is investigated in this article.676

The effect of one human blocker close by a dynamic MT is 677

shown in scenario 1. In case of an LOS with its DP blocked, 678

the measured human blockage loss ranges between 2 and 679

16 dB, which is significantly lower than the 10–30 dB human 680

blockage loss that is typically reported in the literature, where 681

the contribution of MPCs other than the DP is neglected or 682

minimized. Compared to the unblocked case, the PL exponent 683

is increased from 1.9 to 2.4 and the DS is increased as well. 684

A potential human blocker close by a dynamic MT in the 685

measured NLOS channels results in a −4 to 5 dB blockage 686

loss, which can be mainly attributed to changes in multipath 687

fading. The changes in PL exponent and DS are negligible for 688

most blocker positions in these NLOS channels. For both the 689

LOS and NLOS aggregate channels, which approximate the 690

omnidirectional channel, the multipath environment can thus 691

highly limit the human blockage loss when the blocker is close 692

by the MT. In case of directional channels, it is shown that 693

the impact of Tx beam switching on human blockage loss is 694

limited. 695

Measurement scenario 2 shows the effect of one or multiple 696

potential human blockers further away from a static MT. 697

In case of one human blocker, the maximum measured human 698

blockage loss is 7.5 dB in the LOS channel and 2 dB in the 699

NLOS channel. The human blockage loss distribution does not 700

significantly change for multiple human blockers. Comparison 701

of the PDPs in case of no and maximum blockage shows that 702

the multipath nature of the channels also highly limits the 703

human blockage loss in this measurement scenario. 704
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