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Abstract—Novel statistical channel models based on tapped-
delay lines are proposed for the evaluation of indoor millimeter-
wave wireless communication systems. The considered
frequency bands for its application are around the 62.5-GHz
region for wireless personal area networks. The channel
characterization was carried out inside a conference room
environment with fixed communication links. The proposed
models acquire the significant paths in the propagation channel
that are necessary to achieve high gigabit-per-second
throughput by using directive (high-gain) antennas that emulate
the radiation pattern of beamforming antenna systems. The
anticipated application is for simulating wireless systems inside
conference rooms under line-of-sight (LoS) conditions, and
under non-LoS conditions wherein the transceiver seeks the
candidate signal path among the reflected waves and then
switches to the best signal-to-noise ratio path so that a high-rate
link could continue. As indicated by the modeling results, only
several paths are useful for very high speed communication
rates. These paths and the effects they bring to the receiver, like
delay spread, are taken into account by the proposed millimeter-
wave channel models.

Index Terms—Multipath Channels; Channel Models;
Millimeter Wave Propagation; Beamforming; Directive
Antennas.

I. INTRODUCTION

The global availability of the 57 GHz to 66 GHz millimeter-
wave (mmWave) band for wireless personal area networks
(WPANS) has spurred interest in achieving gigabit per second
(Gbps) throughput envisioned initially by the IEEE 802.15.3¢c
and IEEE 802.11ad Task Groups, which have released the
first over-Gbps WPAN standard [1] and wireless local area
network (WLAN) standard [2] for indoor mmWave
communications, respectively. One of the limiting factors in
realizing such throughput is related to the understanding of
the mmWave channel in indoor environments. As dictated by
physics, the channel contains links that increase in attenuation
as the propagation path distance extends. This attenuation is
more severe at mmWave bands due to atmospheric
absorption [3] and high frequency according to Friss
transmission [4]. This means only certain paths would be
useful in establishing communications. Contrasting this with
ultra-high frequency (UHF) propagation channels used by
cellular terminals, the establishment of links could readily be
achieved around the terminal. Since majority of current
channel models have been made for UHF propagation, the

methodology employed in characterizing the mmWave
propagation channel has been almost similar, i.e. all the paths
around the terminal side are taken into account. From a user
point of view, it is desirable to have low-cost portable
terminals. This implies that future terminals supporting
indoor mmWave communications must be able to make the
radio system as simple as possible at the least cost. One of the
questions then that this paper seeks to answer is what channel
model would be able to capture such views? An oversight
then of previous mmWave channel modeling efforts [5], [6]
is the determination of the useful components of the
propagation channel. Such components could be seen as paths
that can be switched to with beamforming antenna systems.
The difference then from IEEE 802.15.3c and IEEE 802.11ad
channel models from those proposed here is the modeling of
only those paths that are useful for establishing high
throughput communications. The proposed channel models
are for mmWave beamforming systems employed in
conference rooms.
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Figure 1: Conference room layout showing the 3 Tx and 225 Rx
locations. The pointing direction (indicated by an arrow) of each Tx
antenna was chosen in order to maximize the coverage in the room.

Each Tx antenna was used one at a time. The Tx and Rx antennas are
mounted at 1-m height from the floor. The size of the room is 8.8 m x
6.4 m

Ray tracing was done in a conference room, from which
the statistical parameters of the channel were extracted, the
details of which are discussed in Section Il. The tapped-delay
line (TDL) model is described and the specific models are
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validated in Section 111 in which the models were found to be
close to the simulation data. Lastly, concluding remarks are
given in Section IV.
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Figure 2: |IEEE 802.11ad and IEEE 802.15.3c reference antenna
patterns [8] that were utilized

Table 1
Beam Levels of the Antenna Models [8]

HPBW [°] Max. gain [dBi] Sidelobe down [dB]
60 10.21 22.49
30 15.93 27.93
15 21.88 33.59

Figure 3: A tapped-delay line (TDL) filter with N taps. /P, amplitude
and ¢,, phase indicate the weight at the nth tap with 7, delay. The
output is obtained as y(t) = [ x(t — t")h(z")d7’

Figure 4: Modified tapped-delay line model for the channel impulse
response. Tap amplitudes are normalized with respect to the highest
one, which is placed at the first tap. 4,0onwards represent the power
level difference from 4, (= 0 dB), and t,, represents the excess delay

Il. RAY TRACING IN A CONFERENCE ROOM

The indoor environment considered is a conference room,
which is actually larger than the one defined in [7]. So the
size is basically a scaled-up version. The conference room
consisted of tables arranged in u-shaped form. In order to

capture the useful components of the channel, the receiver
(Rx) must be placed in grid points covering sufficient
portions of the room in relation to the transmitter (Tx)
locations. A 50A separation between two Rx locations was
used, where A stands for the wavelength. The basis of this
separation is that no change in the average root-mean-square
(rms) delay spread with a 25\ separation was found, and the
same holds true for 100A. Details of the room layout and the
locations of the Tx and Rx are shown in Figure 1.

Table 2
Candidate Number of Taps N and Their Occurrence Percentage of
Greater Than 3%

HpPaEi’:N Via-LoS-path scenarios  Via-reflected-path scenarios
Candidate 4~ 5 3 4 1 2 3 4 5
N -
60° - 60° 849 127 - - 61 266 4.1
60° - 30° 914 81 - - 671 27 41 -
60° - 15° 6.3 37 - - 35 469 106 51 -
30° - 60° 7219 67 64 501 20 143 86 47
30° - 30° 775 98 105 62.3 179 135 56 -
30° - 15° 834 96 7 356 437 153 4

A 62.5-GHz carrier frequency at 3-GHz bandwidth with 0-
dBm power was used for the transmission. Ray tracing
simulations were done to capture the channel impulse
response. The ray-tracing procedure was developed and
verified based on the uniform theory of diffraction. The
permittivity and conductivity of concrete, wood, plastic, and
glass materials were set to the values applicable for the
mmWave region. Since specific antennas were utilized,
consequently the mmWave channel that is considered here
has the antenna patterns convolved in the impulse responses.

s
>3%
occurrence
with M

Figure 5: Proposed model order selection process

Two most likely static communication link scenarios were
obtained from the simulations: (1) via-LoS-path scenarios
and (2) via-reflected-path scenarios. The first scenario
considers the LoS path as the communication link between
the Tx and Rx antennas, i.e. the Rx points its maximum
antenna beam closest to the maximum beam of the Tx. In the
second scenario, the link that is considered is through the
strongest reflected path or next strongest reflected path. The
receiver beams its maximum gain to either arrival direction
of these reflected waves. This scenario represents what could
happen when the LoS is unavailable, and at least one end of
the communications link has antenna beamforming capability
in order to direct its main lobe to the desired signal. In order
to lessen the complexity of the simulations, directive antennas
were used to emulate beamforming. Since the number of
antenna element scales proportionally with the beamwidth of
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the main lobe, several directive antennas were utilized at the
Tx and Rx. The Tx-Rx antenna combinations would result in
radio channel models that embed the Tx-Rx antenna
attributes with the propagation characteristics. The antennas
that were used are reference antennas in IEEE 802.15.3c and
IEEE 802.11ad [8]. Figure 2 and Table 1 provide the antenna
specifications. So for each link a certain Tx-Rx antenna pair
was employed, which are described in terms of their half
power beamwidth (HPBW). For example, a 60° - 15° Tx-Rx
antenna pair corresponds to the Tx antenna having a main
lobe of 60° HPBW, and 15° HPBW for the Rx antenna.
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Figure 6: Delay spread distribution in LoS scenarios in which a 30°
HPBW Tx antenna was employed

Table 3
Number of Taps Obtained Using the Proposed Model Order Selection
Process
Tx-Rx HPBW Via-LoS-path Via-reflected-path
pair scenario scenario

60° - 60° 3 3

60° - 30° 3 3

60° - 15° 2 6

30° - 60° 5 5

30° - 30° 3 4

30°- 15° 3 4

coe 2 o2 2
W A2 W v N w o =
A f 1 1 : A !

Probability (delay spread < abscissa)

O
—=
)

<

0 5 10 15 20 25
Delay spread [ns]

Figure 7: Delay spread distribution in reflected path scenarios in which

a 60° HPBW Tx antenna was employed

I1l. TDL CHANNEL MODEL

The channel impulse responses (CIRs) collected from the
simulations were pre-processed before being considered in
the model. The time-varying CIR can be expressed in its

in A Conference Room Environment

complex baseband form as a temporal discrete multipath
model as follows.

h(L ) = Y Au(®) exp(ien(®) 0T - 1a(®) ()

where n is the nth path with amplitude A, (t), phase shift
¢, (t), and propagation delay 7,,(t). 6(-) denotes the Dirac
delta function. A CIR in a specific area is assumed to be
generated by the same wide-sense stationary random process,
and that each path is an identically distributed random
variable and uncorrelated from each other. In the collected
CIRs, paths with greater-than-130-dB path loss, 14-m path
length, and those below the delay resolution (reciprocal of the
bandwidth) were filtered out. The power of the paths was also
normalized by the strongest path. This normalization sets the
strongest path to 0 dB. Paths with lower than 30-dB-below-
the strongest-path were also not considered in the modeling.
Such paths do not contribute in achieving high throughput
data transfer. Furthermore, the delays were expressed as
excess delays relative to the first arriving path. This
preprocessing  step  enables  generalization  and
parameterization of the model. After applying the above
mentioned treatment, it was observed that only several paths
remained, which are the useful ones for achieving Ghps
communications. A consequence of capturing these paths in
a model is through a tapped-delay line (TDL) filter shown in
Figure 3.

Through the above mentioned preprocessing, a modified
TDL channel model is proposed in Figure 4. In the stochastic
modeling of the A,, power level difference and the t,, excess
delays, individual modeling was performed. Each parameter
(4,, or t,,;) was modeled per tap, i.e. independently. This per-
tap modeling is different from other TDL channel models that
models the taps altogether. The novel points then of the
proposed TDL channel model are (i) its ability to capture the
few useful paths in the mmWave propagation channel that
enable Gbps communications using directive antenna
patterns, and (ii) each path is individually modeled.
Furthermore, since only those paths within 30 dB of the
strongest path near the vicinity of the required Rx sensitivity
to achieve high throughput are considered, the span then
among the taps captures delay spread related effects such as
ISI. The difference between each tap takes in the ISI effect.
The proposed TDL channel modeling then could basically
answer the question of how much percentage in the indoor
environment are the delay spread issues prevalent.
Knowledge of such occurrence drives which type of
equalization will be used in the terminal. Consequently, this
leads to low-cost terminals if expensive equalization will not
be utilized if the indoor mmWave propagation channel would
dictate, since a communication link that have no significant
delay spread issue achieves lower bit error rate (BER) than
those in severe fading cases. In the following, the
parameterization of the proposed TDL channel model is
presented.
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means that the occurrence of the significant number of paths
is significant to capture the mmWave channel. The similarity
was measured by using the Jensen-Shannon divergence djs
between rms delay spread distributions:
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o ‘ N ¢ : spread with M ray paths,
) 5 o 15 20 25 30 dy, (Pr, Pr') = ¥, Pr(k) log,[Pr(k)/ Pr''(k)] is the
A [dB] = power level difference from O dB max. path power Kullback—Leibler divergence' and

;L . . .
Figure 8: Distribution of the power level difference with N=5 and with Pri = 0'S(PF(N=M) + Pr(N=M_—1))' Figure 5 depicts this
the use of a 30°-60° Tx-Rx HPBW pair in via-LoS-path links. It is to be process for model order selection.

noted that tap 1 has 0 dB level Figures 6 and 7 show probability distributions of the rms
delay spread from the simulations. The obtained values of
the delay spread are also similar to those observed in [9]-[10].
Table 3 shows the achieved number of taps after applying the
model order selection process. The results reveal that only
several paths are adequate to describe the mmWave
propagation channel.
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Figure 9: Distribution of the power level difference with N=4 and with
the use of a 30°-60° Tx-Rx HPBW pair in via-reflected-path links. Tap
1 has 0 dB level
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A. Number of Taps

Table 2 shows the available number of taps N, which is | A
basically the number of paths in the channel. The table also 0 - ; ;
shows how much each N was observed in the conference 0 10 Ezfcess delay [ffs)] 40 50
room. The length of N also indicates the fading in the
environment, the longer of which coupled with the depth of Figure 10: Distribution of the excess delay with N=5 with the use of a
each tap reveals delay spread issue scenarios. Thus choosing 80°-60° Tx-Rx HPBW pair in via-LoS-path links
the appropriate N is crucial. A two-stage process used in this
model order selection is proposed. In the first stage, if the
probability distributions of the rms delay spread with N=M
taps and that with N=M-1 taps are comparably similar, then
N=M-1 is pre-chosen. The rms delay spread o; is obtained as
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is the delay power spectrum. The second stage only proceeds Excess delay [ns]

when N=M-1 is the result of the first stage. In the second Figure 11: Distribution of the excess delay of with N=5 with the use of
stage, M becomes the selected model order if its occurrence a 30°-60° Tx-Rx HPBW pair in via-reflected-path links
percentage is greater than 3%, otherwise the final model order

is M-1. If the final model order is M instead of M-1, this
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Figure 12: Weibull distribution fitting A obtained for 30°-60° Tx-Rx
HPBW pair under LoS scenario; = 21.1492; a.= 6.026

Table 4
Best-fit Distribution Parameters of the via-LoS-Path Scenarios

Tx-Rx Tap A [dB] 7 [ns]
HPBW pair Weibull (8, a) Poisson (up)
60° - 60° 1: - 0
2: 22.191, 2.5117 9.7441
3: 29.4685, 50.5646 11.1722
60° - 30° 1: - 0
2: 29.6586, 388.8668 12.0615
3: 29.9312, 409.215 11.9985
60° - 15° 1: - 0
2: 25.7492, 4.6238 4.3677
30° - 60° 1: - 0.0424
2: 21.1492, 6.026 18.1717
3: 24.3994, 8.5422 14.5573
4 26.1959, 11.2808 19.507
5: 27.4796, 13.0058 23.7098
30°-30° 1: - 0.0663
2: 24.0283, 4.364 12.1608
3: 27.4374,12.8918 16.2424
30°-15° 1: - 0.0613
2: 24.6365, 8.8262 9.6922
3: 26.0055, 9.7596 10.8481

(-) : defaults to 0-dB level

B. Power Level Difference and Excess Delay

Examples of the probability distributions of 4,, and z,, are
shown in Figures. 8t0 9, and 10 to 11, respectively. Using the
proposed model order selection process in Sec. A to
determine N, the statistical parameters of the distribution of
4,, and t,, were obtained by maximum likelihood fitting of
the collected 4, and 7, CIR data with the finalized
probability distribution. The validation of the statistical
distribution is discussed in Sec. C. Figure 12 shows an
example of the cumulative distribution fit of the power level
difference. For via-LoS-path scenarios, the Weibull
distribution best fits 4,,. Its cumulative density function (cdf)
is given by.

cdf(4) =1 —exp[—(4/B)"] )

where f is the scale parameter, and a is the shape parameter.
For via-reflected-path scenarios the exponential distribution
best fits 4,,. Its cdf is given by

cdf(4d) =1—exp(=4/pe) (6)

where g, is the mean. The Poisson distribution was found to
best reflect 7,, in order to model the relative arrival times. Its
cdf is as follows where up is the mean. Tables 4 and 5

in A Conference Room Environment

summarize the parameters of the proposed mmWave channel
models of the power-delay spectrum, for the via-LoS path and
via-reflected waves, respectively.

Table 5
Best-fit Distribution Parameters of the via-Reflected-Path Scenarios
Tx-Rx Tap A [dB] t[ns]
HPBW pair Exponential (ug) Poisson (up)
60° - 60° 1: - 3.0824
2: 13.6395 6.2492
3: 24.1784 11.3662
60° - 30° 1: - 4.1036
2: 19.7856 7.275
3: 25.0165 11.1408
60° - 15° 1: - 0
2: 9.2918 7.6684
3: 10.7745 6.6315
4: 23.3428 14.1839
5: 24.4132 13.7172
6: 26.2982 8.9396
30° - 60° 1: - 1.6486
2: 12.0715 11.6598
3: 17.5703 15.5622
4: 24,1687 20.783
5: 26.8151 21.3245
30° - 30° 1: - 18.0851
2: 8.7517 21.6171
3: 19.8756 15.9771
4: 27.1999 30.4289
30° - 15° 1: - 23.1795
2: 5.3964 24.6196
3: 17.1587 15.3428
4: 27.3383 30.5161
Table 6

Hypothesis Testing Outcomes for An in Via-LoS-Path Scenarios

Candidate distribution

Hypothesis Test at 5% Loa-
Significance Level 9 Weibull Exponential

normal
Ch|-squa:)rfe_fgi;toodness- Reject Accept Reject
Kolmogorov-Smirnov Reject Accept Reject
Jarque-Bera Reject t.na. t.n.a.
Lilliefors Reject t.n.a. t.n.a.

tn.a. : testisnotapplicable
fk
cdf(x) = exp(—up) ) "/ (7)

C. Validation of the Channel Models

The channel models were verified in two ways. For
verifying and finalizing the appropriate probability
distributions of 4,, and of z,,, hypothesis testing was carried
out. The parameters of the final distributions were obtained
by fitting the obtained data (4,, or t,,) by maximum likelihood
estimation. Estimation was done at 95% confidence intervals
of the parameters. Outcomes of the hypothesis tests for 4,
are tabulated in Tables 6 and 7. The results indicate that the
Weibull distribution is the best candidate distribution for 4,
for via-LoS-path scenarios, and the exponential distribution
for via-reflected-path scenarios. The hypothesis test results
shown in Tables 8 and 9 point that the Poisson distribution
for the path arrival times best describes t,, for both the via-
LoS and via-reflected path scenarios.

Aside from the statistical validation of the mmWave TDL
channel model parameters and the simulation data by
hypothesis testing and maximum likelihood estimation
fitting, the mmWave TDL channel models were verified by
using external validation. The Shannon channel capacity was
used as an external validation metric. Assuming a single-
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input-single-output  transmission over additive white
Gaussian noise and no channel state information at the Tx,
the channel capacity C(h) could then be expressed as

J5 Py dr)

C(h) =B 10g2<1 + = (8)

Pnoise

where B is the signal bandwidth, and P, is the noise power,
wherein same values for each were used in the evaluation. In
order to avoid comparing absolute values of C(h), the relative
uncertainty . between the mmWave TDL channel model and
the reference CIR data from ray tracing were obtained. It is
defined as

g(hmodel)

= moddl g 9
C(hreference) ( )

&

where ¢(+) is the value produced by the metric, which in this
case is C(h). The ideal value of ¢, is zero, which is perfect
correspondence between the model and the reference data.
Based on the results (Table 10), it was found that low average
values of £, were in the mmWave TDL channel models for
via-LoS path scenarios. Values in each scenario indicate that
the modeling uncertainty is relatively small.

D. Generating a Channel Impulse Response
The following is a procedure for generating one CIR based
on the proposed mmWave TDL channel models.
i. Select the channel scenario and the expected
beamwidths of the Tx and Rx antennas, and use Table
4 or Table 5 accordingly.
ii. For each tap, generate 4,, according to the parameter
values and its probability distribution. Do the same for
Ty
iii. Obtain A,(t) = /A, and generate its phase by the
uniform probability distribution, i.e. ¢,,(t) € [0, 2m).
iv. Do steps 2 and 3 until all paths have been generated.
v. Obtain the CIR form of the generated mmWave TDL
channel model according to (1).
It is to be noted that the time variance in (1) could be
obtained by a sequence of CIRs coming from one or different
random generator seeds.

IV. CONCLUSION

Channel impulse response models in a conference room
indoor environment for  millimeter-wave  wireless
communications are proposed where one end of the
communications link has antenna beamforming capability in
order to direct its main lobe to the best signal for high-
throughput data transfers. The models capture the delay
spread issues through the number of taps, power level
difference, and excess delay parameters. A criterion for
selecting the number of taps is also proposed. It was found
that a low number of taps is sufficient for describing the
beamformed  millimeter-wave  propagation  channel.
Moreover, the proposed tapped-delay line millimeter-wave
channel models need to be double-checked with channel
sounding or field tests. The results could be used for
enhancing the quality of millimeter-wave indoor wireless
links.

Table 7
Hypothesis Testing Outcomes for An In Via-Reflected-Path
Scenarios
Hypothesis Test at 5% Log- Candidate distribution
Significance Level normal Weibull Exponential
Chi-square goodness-of-fit Reject Reject Accept
Kolmogorov-Smirnov Reject Reject Accept
Jarque-Bera Reject t.n.a. tna.
Lilliefors Reject t.n.a. t.n.a.
Table 8

Hypothesis Testing Outcomes for T, in Via-LoS-Path Scenarios

Hypothesis Test at 5% Candidate distribution

Significance Level Poisson Normal Exponential

Chi-square goodness-of-fit ~ Accept Reject Reject

Kolmogorov-Smirnov Accept Reject Reject

Jarque-Bera t.n.a. Reject t.n.a.

Lilliefors tna Reject t.n.a.

Table 9
Hypothesis Testing Outcomes for T, in Via-Reflected-Path
Scenarios

Hypothesis Test at 5% Candidate distribution

Significance Level Poisson Normal Exponential
Chi-square goodness-of-fit ~ Accept Reject Reject
Kolmogorov-Smirnov Accept Reject Reject
Jarque-Bera t.n.a. Reject tna.
Lilliefors tna Reject t.n.a.
Table 10

(1]

[2]

31
(4]
(5]
(6]
[71
(8]

[9]

[10]

Average values of & [%]

Tx-Rx HPBW  Via-LoS-path Via-reflected-

pair scenarios path scenarios
60° - 60° -4.35 4.75
60° - 30° -0.89 4.82
60° - 15° -0.1 11.32
30°-60° -2.66 7.87
30°-30° -1.05 12.19
30°-15° -0.11 6.95
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