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Abstract—This paper presents the channel measurements per-
formed within a closed metal cabinet at 60 GHz covering the
frequency range 57-62 GHz. Two different volumes of an empty
metal cupboard are considered to emulate the environment of
interest (an industrial machine). Furthermore, we have considered
a number of scenarios such as line of sight, non line of sight,
and placing absorbers. A statistical channel model is provided
to aid short-range wireless link design within such a reflective
and confined environment. Based on the measurements, the large-
and small-scale parameters are extracted and fitted using the
standard log-normal and Saleh—Valenzuela models, respectively.
The obtained results are characterized by a very small path loss
exponent, a single cluster phenomenon, and a significantly large
root-mean-square (RMS) delay spread. The results show that cov-
ering a wall with absorber material dramatically reduces the RMS
delay spread. Finally, the proposed channel model is validated by
comparing the measured channel with a simulated channel, where
the simulated channel is generated from the extracted parameters.

Index Terms—Channel characterization and modeling,
frequency-domain sounding, 60-GHz measurements, path loss,
root-mean-square (RMS) delay spread.

I. INTRODUCTION
A. Problem Context

NSIDE mechatronic and industrial machinery, the required

wiring is an increasing concern, as it comes with issues
like reliability, space efficiency, and flexibility. It thus becomes
interesting to replace the wires by wireless connections. Liter-
ature refers to a so-called “wireless harness” for the commu-
nication between components inside machinery devices where
the propagation distances are in the order of a few meters or
less [2]. On the one hand, using multiple cables inside a dense
area to connect moving parts within a confined space can sig-
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nificantly complicate the design and maintenance of the system.
A wired connection to a moving part affects the dynamics and
may cause cable jams and frequent damage to such machiner-
ies. On the other hand, current wireless technology does not
meet the data rates offered by wired standards like gigabit Eth-
ernet. To move towards a reliable and fast wireless connection
for industrial use, many efforts have been made to provide
suitable channel models for the wireless harness applications.
In very small-scale applications such as inter chip connections
[3] or board-to-board communications [4], [5], a noticeable
difference, in terms of channel properties, has been reported
in the literature compared with the typical indoor and UWB
channels [6]-[10]. Also, Ohira et al. studied the propagation
characteristic inside the information communication technol-
ogy (ICT) equipments such as a printer, vending and automated
teller machine (ATM) [11] which is the most relevant work in
spirit to this paper as the channel is measured inside a metal
enclosure (ME). Also, a simple communication system is tested
for ICT devices and associated results are reported in [12].

The wunlicensed multi-GHz spectrum available around
60 GHz has gained a lot of interest in the past decade for
both indoor and outdoor applications [13]-[15]. Specifically,
this millimeter-wave band has the ability to support short-
range high data rates in the order of Gbps. Both 802.11ad
and 802.15c are evolving standards based on this alternative
bandwidth (BW) [16], [17]. As a result, many measurements
have been conducted to model the propagation environment
at 60 GHz. While the literature is mostly concentrated on
indoor channel characterization at this band [18]-[21], channel
models for outdoor implementation of wireless systems based
on millimeter-wave have also been investigated [22]. However,
there are numerous issues in long-distance communications in
this band due to the large attenuation of radio waves because of
oxygen absorption. A good survey on channel measurements in
60 GHz can be found in [23].

Channel characterization results for short-range wireless
links in the 60 GHz band, have been reported in [17], [24], [25],
however, the channel characterization for the so-called wire-
less harness applications' is not yet reported. The physically
available bandwidth (BW) (at least 5 GHz) and small antenna
size makes the 60 GHz band very appealing for wireless har-
ness applications. Furthermore, the integration of antennas on
small chips [26] can facilitate the deployment of the recently

Kawasaki et al. studied the millimeter propagation environment for internal
1/O connections in [3].
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Fig. 1. Anillustration of two moving wafer stages with their cables in a lithog-
raphy system. The considered measurement scenarios emulate such lithography
machines.

introduced large-MIMO systems [27] which could be a mile-
stone in boosting the data rate in wireless systems.

The main contribution of this paper is to provide a statistical
channel model for applications in 60 GHz band that operates
inside a metal enclosure (ME).

B. Applications and Motivations

Lithography systems play a critical role in the development
and manufacture of integrated circuits (ICs). The lithogra-
phy process requires extremely accurate mask and substrate
positioning. This task is performed via several sensors and
actuators, which are typically connected to the control units via
flat-cable wires. In this paper, we investigate the propagation
environment for millimeter-waves inside a lithography system
for developing a very high data rate (peak data rate up to a few
tens of Gbps) wireless link between the positioning sensors and
the control unit. This is fundamental for replacing the wired
connections with wireless links.

The sensors and actuators are mounted on moving platforms
that experience very high accelerations. The stiffness of the
cables causes undesired disturbances to the system which leads
to inaccurate positioning. Also, the trend towards increasing
numbers of moving sensors makes the design of the wiring
system prohibitively complex, therefore the replacement of the
cables is of interest.

As we had limited access to an actual lithography machine,
the measurements have been conducted inside a metal cab-
inet that was empty except for some cables, antennas and
stand holders. The reproducible setup emulates the propagation
environment in a wafer stage section within the lithography
machine. This can be described as a metal drawer which is
placed in the lithography device and includes two moving wafer
stages as illustrated in Fig. 1.

This environment contains rather large amounts of open
space, in contrast to the compact scenarios found in ICT de-
vices, as investigated in the literature [11] . The initial exper-
iments for establishing the wireless link within the ME show
an extremely fading environment due to the reflections from
the walls, which limits the data rate. Thus, the lack of proper
channel models for such hallow and confined environments mo-
tivates the considered measurement campaign and modeling.

However, apart from the lithography machines, there are
other systems that can benefit from this work, e.g., scenarios
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with wireless connections for possible sensors or devices inside
an empty elevator or telecabine shaft. The empty cupboard
can be viewed as an extreme case of a general ME. With
absorbing objects inside the confined space, one can expect
fewer reflections and shorter channel impulse responses (CIR).

C. Outline

In the context of this paper, we have made extensive mea-
surements of channel frequency responses (CFRs) using a
channel frequency domain (FD) sounding technique within the
57-62 GHz band. This has been done by placing the receiver on
a pre-designed spatial grid, step by step, while the transmitter
is fixed. The power delay profile (PDP) and multipath compo-
nents (MPCs) are extracted by post processing. Two different
volumes of the metal cupboard are used and the measurements
are provided for both the LOS and NLOS scenarios. The results
indicate that the environments within MEs are highly reflective,
and the resulting “long” wireless channels will make wireless
communications very challenging. Also, the fading properties
change depending on the volume of the cupboard rather than
the LOS and NLOS situations. We have also used absorbers
to cover a metal wall for one scenario which resulted in a sig-
nificant reduction in the root-mean-square (RMS) delay spread
(RDS) and this consequently affects the fading properties of the
channel.

Both small-scale and large-scale channel model parameters
are extracted from the measurements, based on the well-known
Saleh-Valenzuela (SV) [28] and log-normal model [29], [30],
respectively. Accordingly, a comprehensive statistical channel
model is provided to simulate similar fading channels. Random
channel instances are generated based on the extracted para-
meters for arrival time, time decay constant, and number of
paths. Next, the RDS properties of the simulated and measured
channels are compared. The purpose of this verification is
twofold. Firstly, it assures whether the number of measurements
is sufficient for extracting the parametric statistical channel
model. Secondly, it validates the accuracy of the model itself.
Together with the Doppler frequency change (time variance
property), the proper channel instances can be simulated via
the Matlab channel modeling toolbox [31] or other off-the-shelf
simulation software based on SV or stochastic tap-delay-line
(STDL) models [7], [32].

The remainder of this paper is organized as follows. In
Section II-A, we describe the measurement set-up and explain
the measurement procedure. In Section II-B, we provide de-
tails regarding data processing to extract parameters required
for channel modeling. Based on these parameters, large-scale
(path loss) and small-scale channel models (RDS) are presented
in Sections IIT and IV, respectively. The proposed statistical
channel parameters based on the SV model (time decay con-
stant and arrival rates) are given in Section V. The proposed
channel model is validated together with the coherence time
and bandwidth of the system in Section VI. Also, we compare
the statistical parameters for the measured channels with the
SV channel model suggested for the IEEE 802.15 standard and
other related measurements in the literature. Final remarks are
made in Section VII.
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II. MEASUREMENT SET-UP AND PROCEDURE

In this section, the channel measurement procedure and de-
tails of the equipments used for the measurements are explained.

Channel characterization can be performed in either time
domain (TD) or FD [33]. In the measurements provided in
this paper, a FD sounding technique is used. The scattering
parameters (i.e., Si1, S12, S21, and S»2) are measured using
a vector network analyzer (VNA) by transmitting sinusoidal
waves at discrete frequencies. The frequency spacing, Af;, and
the scanned BW, B,,, determines the maximum measurable ex-
cess delay, T4y, and the resolution of the captured multipaths,
Tres, respectively, and they are given as

B, 1 1
No—1 Tmax—A_fSa 7:res—B_Wv (D
where Nj is the number of transmitted sinusoidal waves.

The frequency domain S»; parameter is generally referred to
as CFR. The CIR is obtained from the measured CFR by taking
the inverse fast Fourier transform (IFFT). A Hann window is
applied to reduce the effect of side lobes.

Af; =

A. Measurement Set-Up

The measurement BW is set to B,, = 5 GHz, and the chan-
nel is sampled from 57 GHz to 62 GHz at Ny = 12001 fre-
quency points. This results in a frequency spacing of Afy =
0.416 MHz, so that the time resolution iS Tjes= Biw =0.2 ns
and the maximum measurable excess delay is Ty = 2400 ns.
The CFR is measured using a PNA-E series microwave VNA
E8361A from Agilent. An intermediate frequency BW of
Bir = 50 Hz is chosen to reduce the noise power within the
measurement band, which improves the dynamic range. This
is the receiver BW for single sinusoid in a VNA; the smaller
intermediate frequency BW leads to a larger signal to noise
ratio. Also each measurement is repeated 50 times to further
average out the noise.

Due to the losses inside the VNA and 60 GHz co-axial
cables, the measured signal at the receiver is weak. A 60 GHz
solid state power amplifier (PA) from QuinStar Inc. (QGW-
50662030-P1) is used to compensate for the losses and to
further improve the dynamic range. An illustration of the
measurement set-up is provided in Fig. 2. For the transmit and
receive antennas, we have used two identical open waveguide
antennas operating in 50-75 GHz frequency band with aperture
size 3.759 x 1.880 mm?. The beam pattern of the antennas is
shown in Fig. 3. The gain of the open waveguide antenna is
about 4.6 dBi (see [34] for details on computing the gain).

The near field distance for the antenna is calculated based on
the Fraunhofer distance and it is found, to be less than 3 mm
from the antenna aperture. Therefore, all the measurements
are taken in the far field, and hence, there is no near field
effect considered here. Two holders are used to fix and elevate
each antenna to avoid coupling between the antenna and metal
surface of the ME.

To investigate the channel behavior within the empty metal
cabinet, we have considered the following four scenarios.
Scenario 1 is an LOS scenario where we use a ME of dimension
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Fig. 2. Measurement setup for channel sounding inside the metal cabinet. The
solid parallelogram just above the first level shows the metal plate that has been
used in the NLOS scenario. The top right wall is covered with absorber for
scenario 4 (small size cabinet).

Fig. 3. Field radiated by the TE{y mode in open waveguide antenna with
respect to 6 angle.

100 x 45 x 45 cm3. Scenario 2 is an LOS scenario with a ME
of a larger dimension, i.e., 100 x 45 x 180 cmd. Scenario 3 is
a NLOS scenario with the dimensions 100 x 45 x 180 cm?>.
Scenario 4 is an LOS scenario as in Scenario I except that
one of the side walls is covered with an absorber (see the
illustration in Fig. 2). Absorbers are an alternative physical
solution to reduce the channel length which will simplify the
required channel equalization. Note that the volume of the ME
in scenario 2 and scenario 3 is four times larger than the volume
of the ME used for scenario 1 and scenario 4. To block the
LOS path, and create the NLOS scenario, a 50 x 45 cm metal
separation plate is used in scenario 3 as illustrated in Fig. 2.
The transmit and receive antennas were placed on a sty-
rofoam (polystyrene) sheet, which acts as vacuum for radio
waves and has a negligible effect on the channel behavior. The
transmit and receive antennas were supported using clamps
(stand holders) with sufficient clearance from the metal surface.
The co-axial cables were drawn into the metal cabinet by means
of small holes which are just sufficiently large to pass the cable.
For all scenarios, the location of the transmit antenna was
kept fixed. The channel was measured at various locations in
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TABLE 1
RECEIVE ANTENNA CO-ORDINATES

r-axis y-axis Z-axis
Scenario 1 | 15-85 cm; 8 steps | 5-30 cm; 6 steps | 150,165 cm; 2 steps
Scenario 2 | 15-85 cm; 8 steps | 5-30 cm; 6 steps | 40,145 cm; 2 steps
Scenario 3 | 15-40 cm; 6 steps | 5-30 cm; 6 steps | 40,145 cm; 2 steps
Scenario 4 | 15-35 cm; S steps | 5-30 cm; 6 steps | 150,165 cm; 2 steps
20
sampl CFR after inverse ﬁltermg
0
2 .. “hn Il wm \l || thhjllu.l\||.ilﬁl|n| ‘.,L;l ]Mhuu
S 2o Gl Y lww ﬁ“r’Wi o
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Fig. 4. Sample CFR from scenario I before (lower CFR) and after inverse
filtering (upper CFR) and reference CFR with dy = 25 cm (line in the middle).

3 dimensions, i.e., x,y, z-axes, as specified in Table I. This
produced 96, 96, 72, and 60 receiver locations for scenario 1,
2, 3, and 4, respectively. Two elevation steps were used in
z-axis, 6 steps in y-axis and 8, 6, and 5 steps in x-axis for
different scenarios as shown in Table I.

In scenario 1 and scenario 4 the transmit antenna was fixed
at co-ordinate (x, yz, z;) = (65, 15, 135) cm, and in scenario 2
and scenario 3 the transmit antenna was located at (x;, yy, z:) =
(15, 15, 130) cm. The position of the metal plate was at z ~
60 cm and z &~ 140 cm for the first and second steps in z-axis in
scenario 3. In scenario 4, the bulky absorbers were limiting the
space so less measurements were taken in this scenario and only
the RDS spread property has been extracted. The minimum and
maximum distances between Tx and Rx are in the range of
1.5mto 15 cm.

B. Data Processing

Post-processing of the data is required to extract the CIR
from the measured FD signals. In principle, this involves an
inverse discrete Fourier transform (IDFT). The IDFT includes
a window; the resulting impulse response is thresholded to
remove paths with small amplitudes. Prior to the IDFT, we
cancel the antenna and instrument responses by using an inverse
filtering technique [35], [36] which is briefly explained in
Appendix A.

Fig. 4 shows the original FD response (CFR) of a sample
measurement from scenario 1, the FD response after inverse
filtering and the FD signal of the truncated reference mea-
surement. The effect of inverse filtering can be observed after
calibration plot where the sample CFR is normalized by Rg(f).
The change in the power levels after inverse filtering is due to
the compensation of antenna and instrument responses.

For model parameters that do not depend on the absolute pow-
er (i.e. the small-scale channel model considered in Section IV),
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Fig. 5. Sample CIR with 30 dB threshold and received paths for scenario 1.

we have normalized the received signal to have a maximum
value at 0 dB. The dynamic range of the received signal is in
the order of 70 dB, where we assume that the noise level is at
—70 dB after normalization.

For estimating statistics of the individual link parameters, it
is useful to truncate the duration of the channel. We compute
the threshold taking into account the noise level, amount of
total received power and relevant MPCs [37], [38]. By setting
a threshold at 30 dB below the strongest path, more than 98%
of the total power is captured. This threshold is still well above
the noise level. As an illustration, Fig. 5 shows a normalized
received CIR with a threshold at —30 dB. The duration of this
channel is still about 800 ns.

III. PATH LOSS MODEL

The large-scale channel model, specifically the path loss
model, is essential for any wireless system design to calculate
its link budget. For a conventional channel (outdoor or indoor),
the path loss model suggests that the average received power
decreases exponentially with increasing distance between the
transmitter and receiver. This is generally expressed in loga-
rithmic scale as

d
Pr(d)as = Pr(do)as + 10a log) (d ) +Xo. ()

where Pr(d)gp is the signal power loss at a distance d (m)
relative to an arbitrary reference distance dy (m), o represents
the path loss exponent, and X,; is a zero-mean Gaussian random
variable with standard deviation o reflecting the attenuation
(in dB) caused by shadowing [29], [30]. In fact, the first two
terms in (2) together represent the expected path loss and the
last term represents the standard deviation. First, we extract a
statistical model for the average received power and the path
loss exponent and later the shadowing model is derived based
on the measurements.

Using the measurements of the received power for different
distances between the transmit and receive antennas, we can
estimate the path loss exponent «. Accordingly, for each mea-
surement the distance related path loss term (P; — P,) is calcu-
lated, based on the known transmit power (—68 dB), as shown
in Fig. 6(a) which shows that the path loss exponent « is very
small (around 0.02-0.002). The reference distance is taken as
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Fig. 6. Path-loss as function of distance. (a) Path-loss as function of distance.
(b) PDF of the path loss variation X, .

1 m similar to common indoor environments. This suggests that
in such a closed metal environment there is nearly no loss in the
received power as function of distance. The same phenomenon
is reported in [4] for the environment inside a computer case.
Other measurements for NLOS wireless personal area network
(WPAN) reported « in the range of 0.04-0.09 [37], [39], while,
o in the range 1.6-6 is common for typical indoor systems
[29]. According to the Friis formula, the path loss for conven-
tional indoor environments should be larger for transmissions at
60 GHz compared to lower carrier frequencies. However, this is
not the case for highly reflective environments such as MEs.

An ideal metal enclosed environment acts as a semi-
conservative physical system where the only sources of absorp-
tions are the antennas, cables and stand holders. The waves
keep bouncing back and forth, and when the distance between
the antennas is increased the received power does not fluctuate
because most of the energy reaches the receive antenna either
directly or as multipath reflection in the metal cabinet.
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Fig. 6(b) shows the probability density function (PDF) of X,
i.e., the fluctuation of the path loss around the regression line
in Fig. 6(a). It is seen that the PDF approximately follows a
normal distribution, with a standard deviation of 0.16-0.39 dB.
Among the considered scenarios, the NLOS case (scenario 3)
shows the smallest variation, and this is due to the larger
distances (volume) and the obstructed LOS path. In general
there is no noticeable shadowing effect in the environment even
in NLOS case, since the reflected paths are almost as strong as
LOS path in the ME.

Accordingly, the large scale properties of the channel have
been fitted to the well-known log-normal model in (2), and
can be used for the wireless system design within empty
(not-dense) MEs.

IV. RMS DELAY SPREAD (RDS)

Besides path-loss, the channel can be further characterized
by its small-scale properties caused by reflections in the en-
vironment, which are modeled as MPCs [29], [30]. We do
not consider fading on individual delay paths since the mea-
surements show that there are few MPCs in each resolvable
time bin (over the measurement grids), and hence, they are
not considered directly in our model. Instead, we consider the
statistics of the model parameters for the (normalized) power
delay profiles (PDPs) obtained over all the spatial grids i.e.,
PDP® (1) = |h®(1)|2, where g denotes the grid (position)
point [10]. For example, g = 1,2, --- , G = 96, for scenario 1
and scenario 2. The nth multipath component denoted by nth
entry of h®(7), and it is described by its power a,zl and arrival
time 1.

Multipath leads to small-scale fading (variations over short
distances due to constructive and destructive additions). The
most important model parameters that describe a multipath
channel variations are the RMS delay spread and fading prop-
erties that can be modeled as the time decay constant and the
multipath arrival times in the SV model. We next study these
aspects.

Delay spread describes the time dispersion effect of the
channel, i.e., the distribution of the received power in time.
A large delay spread causes severe inter-symbol interference
(ISI) and can deteriorate the system performance. The RDS is
a commonly used parameter to characterize this effect [30].
The RDS is obtained by first estimating the individual path
parameters {(aﬁ, t,)} for each observation, and then computing

N 2.0
[5 2 o 2u=i Guln
trms = t2 - (t) b = nN n2 s

Zn:l a

where 7, 2, and 1@ are the first, second and o moment of the
delay spread, respectively.

Fig. 7(a) shows the number of received paths for different
power thresholds. As expected, the number of received paths
(N) increases with increasing threshold level. The received
paths are saturated more quickly in scenario 4 due to the
absorbers. In the same way, the RDS increases as the number
of collected paths increases (Fig. 7(b)). At a threshold of 30 dB,
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Fig. 7. Number of received paths and RDS for different thresholds. (a) Num-
ber of received paths; (b) mean RDS.
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Fig. 8. Cumulative distribution function for RDS of measured channels.

the curves saturate and we used the corresponding value as the
estimated RDS. Fig. 8 shows the cumulative distribution func-
tion (CDF) of the estimated RDS values for all the four scenar-
ios. The figure also shows the fit to a normal distribution. The
mean values of the normal distribution, obtained after fitting,
reveals the average length of the channel, and they are 113.4 ns
(scenario 1), 159.1 ns (scenario 2), 158.3 ns (scenario 3), and
30.6 ns (scenario 4). These mean RDS values for empty metal
enclosures are significantly larger than the conventional indoor
channels, which are typically between 4-21 ns.

These large values will impact the system design and sig-
nal processing within such environments, e.g., the channel
equalization and residual inter block interference (IBI) after
equalization, and hence, the achievable data rates.

Note that the estimated mean RDS is almost the same for
scenario 2 and scenario 3, which shows that there is a clear
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relation between the volume of such MEs and RDS, indepen-
dent of LOS and NLOS cases. Also, in scenario 4 the RDS
is reduced by more than 3.5 times as compared to the empty
cupboard in Scenario 1. These are very interesting results and
indicates that even covering one wall with the absorber can
reduce the channel length and fading almost to that of a typical
indoor environment.

V. SALEH-VALENZUELA (SV) MODEL PARAMETERS

Most current IEEE standard channel models [16], [40] and
MIMO channel characterizations [21] for millimeter-wave are
based on the extended SV model [28], [41]. In this model,
the multipaths are considered as a number of rays arriving
within different clusters, and separate power decay constants
are defined for the rays and the clusters. This is a very well-
known and well-validated model for wireless channels with
multipath which was proposed to cover the shortcoming from
the traditional Rayleigh (Nakagami) models to describe the
statistical PDP. For instance in UWB channel when only the
superposition of few MPCs falls within each resolvable delay,
the central limit theorem does not hold anymore. This also
is the case in our measurements as the high resolution in
time makes it less probable to find many MPC within each
time bin (channel tap) to derive the fading parameters [10]
over each path. Accordingly, we use SV model by extracting
the corresponding statistical parameters from the measure-
ment data.

Furthermore, these parameters can be used to generate chan-
nel instances with identical statistical properties by defining
the average PDP based on the extracted parameters together
with the Doppler frequency information. We only derive the SV
model parameters for the empty cupboard in scenarios 1-3 and
not for scenario 4 as the focus of the work is on the empty metal
enclosure.

A. Time Decay Constant

A cluster is defined as a group of arrival paths that are
reflected from the objects with the same angular profile. One
of the common and basic methods to identify the clusters in
the channel impulse response (CIR) is by visual observation.
We carefully observed the CIRs that were obtained at different
positions. Our observation do not show that the MPCs come
from multiple clusters, i.e., the power in CIRs is exponentially
decaying over the channel length time. This has been observed
visually over the measured CIR and verified by the estimated
decay parameters. A physical justification comes from the
fact that multipath reflections are coming from the (same)
walls. Note that if paths from different clusters arrive with the
same delay, then the observation technique cannot resolve this
ambiguity.

In this case, the average PDP is defined by only one decay
parameter y rather than the common SV model with two decay
parameters. Therefore, the proposed model can be given as:

@ =a} exp(—ta/y), 3
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Fig. 9. LS fit for time decay constant y; for each measurement. (a) sample
measurement in Scenario 1; (b) sample measurement in Scenario 2; (c) sample
measurement in Scenario 3.

where (‘1(2) and ZI% are the (statistical) average power of the first
and nth multipath component, respectively, over all different
positions and y is the power decay time constant for arriving
rays, assumed as a random variable. To find the decay para-
meters first we compute the normalized logarithmic PDPs for
each measurement. We estimate yj for each of the measurement
(each position) in every scenario using a least-squares curve
fitting on log(a%)/ log(a%), as shown by the examples in Fig. 9.
Time delay instances on the x-axis indicate the arrival time for
MPC with respect to the first path.

Based on these estimates for the y4s, the PDF for y is plotted
and fitted to Gaussian, Gamma, and Weibull distributions for
each considered scenarios, as shown in Fig. 10. These distribu-
tions are commonly used to statistically model y [37], [39].

The best fitted model is chosen as the argument which
minimizes the Akaike Information Criterion (AIC) i.e., the
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Fig. 10. PDF fittings for time decay constant y.

distribution that maximizes the log likelihood function in the
estimation problem. Accordingly, Gamma has been chosen as
the best fit for the y distribution in scenario 1 and scenario 2
while the Weibull distribution is the best candidate in scenario 3
in a sense that we lose less information by using these models
rather than real data.

We use the statistically estimated y for in rest of the paper.
The Gamma distribution is given by

5—1

5.) = f) 4
fub. B = 2z exp(—ﬁ , )
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where £(§) is a Gamma function, and the parameters § and
B are computed for all scenarios from the empirical data. The
Weibull distribution is expressed as

g hexp (= () ifx>0

ifx <0

fGxlg, k) = 3)

where the scale and shape parameters are { and k, respectively.

There are more accurate techniques to estimate the cluster
decay which is specially developed for mm-wave channels
when the dynamic range of the system is limited due to the
high path-loss and probable wide range of the system that are
not applicable for our measurements [42].

B. Multipath Arrival Times

We still need the information on the MPCs arrival time to
be able to offer a complete channel model. This gives insight
about how dense or sparse the channel is in terms of MPCs and
is calculated based on the time difference between two con-
secutive MPCs. The inter arrival time gives the time between
the events of multipath arrivals. The multipath arrival times #,
would be typically modeled as a single Poisson process within
each cluster. Having one extended cluster as we observe in our
measurements cannot be suitably expressed with single Poisson
process. This is due to the fact that the Poisson parameters
are considered unrelated to the delays and are treated indepen-
dently, which does not reflect the reality, so we use different
Poisson models for different delay areas.

For a single Poisson process, the inter-arrival times ¢, — t,,—1
are modeled by an exponential PDF as

P(taltn—1) = Aexp ( — Aty — tnfl)) (6)
where A is the mean arrival rate of the MPCs. It is motivated
in [37], [43] that when the measured arrival times deviate too
much from the single Poisson model, a mixture of two Poisson
processes is more suitable for modeling their arrival times. The
mixture of two Poisson processes can be expressed as

p(tultn—1) = by exp ( — A1ty — tnfl))
+ (1 —b)raexp (— raltn — ta-1))  (7)

where A1 and A, are the arrival rates and parameter 0 < b < 1
is the mixing probability.

Fig. 11 shows the corresponding estimated parameters. The
inter arrival times are indicated on the x-axis while the log-
arithmic complementary CDF is shown on the y-axis as it is
more informative due to the exponential nature of the Poisson
process. As seen, the mixed Poisson process provides a much
closer fit to the measured data than the conventional single
Poisson process. In fact, parameters b, A1 and X,, that are
estimated and stated in Fig. 11, are used further to generate
random arrival time values to be used in the production of the
channel instances via simulations.

Similar results are reported in IEEE 802.15.4 [43] for device
to device communication for ranges less than 10 m (WPAN).
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Fig. 11. Logarithm of the complementary CDF of the inter-arrival times.

Apparently, if the RDS or channel length is large, the arriving
paths appear over a wide range of time differences which makes
it difficult to be represented by only one Poisson parameter.
The results indicate that the inter arrival times are smaller, in
general, compared to conventional indoor channels reported in
[17], [43]. This indicates the richer scattering environments of
the examined ME.

VI. VALIDATION AND EVALUATION

In this section, we validate our proposed statistical model via
Matlab simulations and subsequently we study the behavior of
the channel with respect to time. The coherence bandwidth of
the measured channel is calculated based on the RDS parame-
ters extracted in Section IV. Finally, channel model parameters
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from related measurements are compared with extracted model
parameters to give an analogy between different environments
and applications.

A. Validation of the Proposed Model via Simulations

We use the estimated SV parameters of the previous section
to simulate CIRs and later to compare the properties of these
model based simulated channels with the measured channel.
This is a straightforward way to validate the proposed statistical
channel model. In order to generate a CIR, we need the time
instances of multipath arrivals and the energy associated with
each path, which are both random variables that are estimated
with A and y in Section V, respectively. Also, we need to
define the number of paths for each channel instance which is a
normal random variable itself with certain mean and standard
deviation. Having these statistical properties we are able to
generate random CIRs. Note that the quality of fit of the PDPs
are examined implicitly through the simulation of the RDS
parameters as the random PDPs are generated for the simulation
of each scenario using the estimated statistical values in Fig. 10.
We use the RDS for the validation phase as it comprehensively
includes all the parameters of the proposed model.

We have simulated 1000 channels using the proposed model
parameters for all three scenarios within the empty ME. The
RDS is calculated for these channel instances and the CDF
curves with a fitted mean and variance are illustrated in Fig. 12.

In scenario 1 and scenario 3 there is a small (almost 5 ns)
overestimation (4.5% and 3% error) and in scenario 2, an un-
derestimation (3% error) of the mean RDS, in comparison to the
measured values which shows an acceptable model estimation
error. As a result, the proposed model parameters are valid and
can be used to simulate random channels for link design and
other studies that require the channel model.
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B. Coherence Time and Bandwidth

A good channel model describes the statistical channel
strength over both time and frequency domains. The time
varying nature of the channel is characterized by the Doppler
frequency shift. The resulting coherence time is directly defined
by the relative movement (speed) between transmitter and
receiver so this is an application specific parameter [30]. The
under-test lithography system is part of a mechatronic device
in a closed metal environment in which sensors and actuators
on a moving platform have to communicate to a controller on
the fixed platform. Since movements that occur outside the
enclosure do not affect the channel, we expect a slowly time-
varying channel with a sufficiently long coherence time. The
Doppler shift is defined as Afp = "Tf‘, where v is the relative
speed between transmitter and receiver, c is the speed of light,
and f, is the carrier frequency. If we assume a maximum
relative speed of 10 ms™!, then the Doppler frequency range
is Afp =2 kHz, and the coherence time of the channel is
ALfD = 0.5 ms.

The coherence BW denoted as B, gives a sensible insight
into the wideband fading model of the system and is directly
estimated from the RDS of the channel. A general approxi-
mation is B, &~ -—, where ¢ depends on the shape of the PDP
and p. is the so-called mean RDS extracted in Fig. 8. It has
been shown in the literature that the channel correlation exceeds
0.9 when B, ~ O;L_Oc [30]. Accordingly, for 90% approximation
the mean coherence BW for different scenarios are reported
as 176.4, 125.7, 126.3, and 653.6 KHz for scenarios 1 to 4,
respectively. Note that the 50% coherence BW is 10 times the
aforementioned values.

The coherence BW for the empty metal box is extremely
small, this is visually clear from Fig. 4 where the sample CFR
shows the dynamic range of almost 30 dB while the refer-
ence measurement outside the cupboard is mostly a constant.
Note that equalization for such an extreme frequency selective
environment is very complex if not impossible. Moreover,
despite the general understanding of the 60 GHz propagation
environment in outdoor and typical indoor places, the channel
does not follow the sparse model in the TD but it can relatively
be considered sparse in the FD.

For such a fading channel, orthogonal frequency division
multiplexing (OFDM) is an appropriate modulation scheme,
and is indeed considered for most of the existing wideband
wireless standards including WiMAX, LTE, WiFi, and also for
the upcoming new standard for 60 GHz WPAN, i.e., IEEE
802.15.3c. In general, in OFDM the frequency band is divided
into several subcarriers such that each subcarrier experiences a
flat-fading channel.

Initial simulation results show that OFDM with narrow sub-
bands and frequency domain equalization (FDE) shows an ac-
ceptable BER properties in the first three scenarios with respect
to typical Rayleigh fading channels. The most distinguishing
link budget difference can be pointed out as the long cyclic
prefix (time domain guard) that is required for such OFDM
system to limit the inter block interference (IBI). In case of the
absorber coating, the channel behaves much less dispersive and
the performance of the OFDM system is more or less alike in
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a Rayleigh fading channel of the same length. More details on
system design and OFDM performance are considered in future
work of authors.

C. Comparison to Other Channel Models

To the best of our knowledge, there are no 60 GHz channel
models for very short-range wireless communications (wireless
harness) prior to this work. However channel modeling has
been done for the IEEE 802.15¢ standard, for small indoor
environment such as cubic offices and kiosks which we discuss
here for the sake of comparison. We also compare our obtained
results with the channel characterization of a room with metal
walls [44] as well as a reflective environment when metallic
cabinets are located in the middle of the room [45].

For lower frequencies (3—-5 GHz) the results in [11] are
interesting for comparison because of the application similarity
but the parameters for path loss are expressed in terms of the
customized three part model (near, transition and far field)
which do not comply with our log-normal model. However,
there are some other interesting measurement results for short
range wireless applications that we summarize here.

e In [44], path loss and RDS are studied for a 2 GHz
band centered at 58 GHz for different room dimensions
and properties. In two scenarios, rooms with metal walls
are considered with dimensions 44.7 x 2.4 x 3.1 m? and
9.9 x 8.7 x 3.1 m3. For a reference distance ofdp = 1m,
P (dp) around 80 dB and o < 0.5 have been reported.
Also, the RDS in order of 100 ns is measured which is
very close to the results from the metal cabinet.

e In [45], 60 GHz measurements have been conducted in a
room with dimensions of 11.2 x 6.0 x 3.2 m® with metal
reflectors such as metal walls within the room for LOS
and NLOS scenarios as well as for different antenna set-
tings. Pr(dp) with dp = 1 m, for the Tx-antenna heights
of 1.4, 1.9, and 2.4 m are 56.1, 66.8, and 73.1 dB (71.1,
75, and 77.7 dB) for LOS (NLOS), respectively. Path
loss exponents of 1.17, 0.18, and 0.61 (5.45, 3.82, and
2.67) are reported for the different Tx elevations for LOS
(NLOS) scenarios. As can be seen, small as in the LOS
cases are similar to the ones from the metal cabinet.

e In [46], channel characterization is provided for elevator
shafts at 5 GHz with 50 MHz BW, the mean RDS values
are reported as 14-60 ns for still elevator, in different
locations (buildings) and the maximum RDS is recorded
between 144—152 ns when it is moving (different sce-
narios with Rx inside the elevator car and outside are
tested). The RDS values similar to our measurements,
are observed here. The derived log distance models show
the path loss exponent in the range of 2.75-6.66 when
the elevator door is closed and 2.40-5.76 when it is
open. Also, the shadowing normal distribution exhibits
standard deviation (op,) of 1.89-6.08 dB (door closed)
and 2.37-5.52 dB (door open).

e In [5], measurements have been conducted in a computer
case at 3.1-10.6 GHz (7.5 GHz BW) for a wireless chip
area network (WCAN) application. Parameters «, Pr.(do)
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TABLE II
COMPARISON OF VARIOUS CHANNEL PARAMETERS OF THE MEASURED
CHANNELS, COMPARED TO IEEE 802.15.3C CHANNEL MODELS.
ABBREVIATION “NA” STANDS FOR NOT AVAILABLE AND “-” MEANS
NOT APPLICABLE HERE

Metal cabinet IEEE 802.15.3¢

Sc. 1 Sc.2 Sc. 3 CM4 CM9

Parameter Unit | LOS LOS NLOS | NLOS LOS
Pr(do) dB | 54711 53439 54.116 | 56.1 NA
@ 0.02 0.004  0.002 3.74 NA
opL dB 0.39 0.17 0.16 8.6 NA
L ns | 1134 1583  159.1 NA NA

A 1/ns - - - 0.07 0.044

A 1/ns | 0.985 1.037 1.094 1.88 1.01

T ns - - - 19.44 64.2

o ns | 17523 197.99 197.93 | 042 61.1
or ns - - - 1.82 2.66
Oy ns 4.90 5.48 4.86 1.88 4.39

and op, are 1.607, 23.78 dB, and 0.548 dB (2.692,
25.27 dB, and 1.908 dB) for case closed (case open),
respectively, for dy = 62 cm.

e In a similar work in [4], for board-to-board communi-
cation in two computer cases (both dense and sparse)
the path loss exponent was reported to be negligi-
ble where Pr(do) and op, appeared as 29.1 dB and
1.4 dB (28.7 dB and 1.4 dB), for the dense (sparse)
case, respectively. The 50% coherence BW of the
channel and y are reported as 79 MHz and 3.49 ns
(51 MHz and 5.44 ns) for dense (sparse) case. Only
one y parameter is considered in this work similar
to a single cluster. The results show a greater coher-
ence BW and consequently smaller time decay con-
stant mostly due to the small volume of the computer
case and many absorbing objects inside the metal box.
Some losses also can be related to the ventilation holes
in the case.

The estimated parameters for our proposed channel model
are summarized in Table II, together with the channel model
parameters for IEEE 802.15. In this table, the listed parame-
ters are:

Pr(dp): path loss at reference distance dp (m)
o: path loss exponent

op;: path loss log-normal standard deviation

L mean RDS

A: cluster arrival rate

A ray arrival rate (single Poisson fit)

r power decay constant for clusters

Yy power decay constant for rays

or: cluster power decay log-normal standard deviation
oy: ray power decay log-normal standard deviation

The numbers are taken from [40], which provides models for
wideband (9 GHz BW) channels at 60 GHz carrier frequency.
The reported parameters are selected from the CM4, and CM9
channel models suggested in this document and obtained from
measurements in office areas in NLOS scenario, and within a
kiosk with LOS, respectively.
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It can be seen from Table II that the measured channel in
our tested ME differs significantly from the typical wireless
channels, as expected. The main distinctions are:

1) Very small path loss exponents in both LOS and NLOS
cases,

2) The RDS depends on the ME volume rather than LOS or
NLOS,

3) Significantly longer channels or equivalently very large
RDS,

4) Arriving rays do not form clusters,

5) Arrival rate is modeled here as a mixed Poisson process.

VII. SUMMARY AND CONCLUDING REMARKS

In this paper, a comprehensive channel model (large and
small scale) is provided for 60 GHz transmission inside a metal
enclosure, which is taken as a generic model for the environ-
ment inside a lithography system. The FD channel sounding
technique with a resolution of 0.2 ns for resolving multipaths
and maximum measurable excess delay of 2400 ns is employed
to obtain accurate data. A total BW of 5 GHz with a center
frequency of 59.5 GHz is used.

The well-known Saleh-Valenzuela model is used to fit the
model parameters, which is widely used and validated in the
community. Moreover, channel instances are simulated based
on the proposed model parameters and the RDS values are
shown to comply, in good extent, with the ones from the mea-
sured channel. This can serve as a verification of the suggested
model.

Distinguishing features of the considered (rather non-
conventional) environment are, first of all, the significantly long
channels, in the order of 1 us, together with very rich multipath
reflected from the metal walls (small inter arrival times). A
statistical model suggests a single cluster nature of the arriving
MPCs and the best model fit is proposed as Gamma and Weibull
for different scenarios. Further, we observed relatively sparse
channel frequency responses with coherence bandwidths of less
than 200 kHz, which relates to the high frequency selectivity of
the propagation environment. This is a rare phenomenon that
has not been observed in other channels before.

The RMS delay spread is shown to be increased by a 40%
when the volume of the ME is increased 4 times, accordingly,
this leads to 40% decrease in the coherence bandwidth in a
larger metal box. The accurate relationship between the enclo-
sure volume/geometry, and the channel parameters yet needs to
be verified in future work. Even though, this could be performed
by extensive measurements and processing, other analytical
approaches such as ray tracing can be employed for further
investigation in such a confined environment. Ray tracing may
provide more accurate parameters and enables us to study a va-
riety of scenarios without the hassle of sensitive and complex 60
GHz measurements [47], [48]. In our investigation the direction
of the antenna does not impact the channel behavior as the open
waveguide shows a negligible directivity. Also, the environment
of test is somehow symmetrical around a fixed transmitter as
the only reflectors are identical metal walls so the expectation
is that the power angle profile (PAP) is almost uniform for the
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measured channels. However, the angular profile of the channel
is of a great interest for MIMO applications.

The purpose of this work is to replace cable connections
inside a metal enclosed mechatronic system to ease the instal-
lation and integration of the machine and also to improve the
accuracy and reliability. High data rate and low latency are
two critical requirements for lithography devices due to the
fast control feedback loop. The latency of the wireless system
is determined by the long CIR and the long cyclic prefix in
case of OFDM systems. Physical remedies include an absorber
coating inside the ME [49], if restrictions on installing such
bulky materials inside the mechatronic system are permitted.
The measurement results with an absorber coating suggest
significant channel shortening.

The proposed statistical channel model helps to understand
the challenges related to high data rate wireless communica-
tions in such environments. We believe that the outcome of this
paper contributes to enrich our understanding of the millimeter-
wave propagation properties as well as taking a step towards
more user-friendly (plug and play) industrial devices.

APPENDIX A
INVERSE FILTERING AND CHANNEL RECOVERY

In this Appendix, we document the selected process of
channel estimation from the observed CFRs. Let x(f) be the
transmitted signal, which is impaired by the measurement
system and the antennas. The received signal 7(¢) is given by

r(t) = x(1) % hux(t) * hays () % h(1) % hyx (1), ®)

where hy (1) and h,(¢) are the impulse responses of the transmit
and receive antennas, hgys(f) is the transfer function of the
measurement system and A(¢) is the CIR of interest.

The CIR for free space without reflections or obstructions
consists of a single LOS path, parameterized by an attenuation
and a simple delay equal to the time-of-flight of the signal
between the transmit and receive antenna. We can make a
recording of the received signal at a known reference distance
in free space, and after time gating obtain a reference signal
ra(1), given by

rﬂ(t) A2 x(1) * hy(2) * hsys(t) * (1) 9)
so that

r(t) ~ (1) * h(1). (10)

More specifically, r4(¢) in (9) absorbs the effect of the antennas
and the system (this is not entirely accurate as the directionality
of the antennas is ignored). The CIR is obtained from (10)
via inverse filtering. Equivalently, in frequency domain, we can
obtain the CFR H(f) by

_ RO
Ra(f)

The CIR is then obtained by taking the (windowed) IFFT of H(f)
and correction for the delay and attenuation (normalization).

H(f) Y
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We have obtained a reference LOS signal ry(¢) by placing
the transmitter and receiver at a distance of 25 cm outside the
metal cabinet (free space). The LOS path was retrieved by time
gating the measured signal and truncating it after 50 ns, so as to
remove noise and multipaths beyond the direct line of sight.
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