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Abstract - Millimeter-wave (mmWave) communication systems require narrow beams to compensate for high path loss
and to increase the communication range. If an obstacle blocks the dominant communication direction, alternative paths
(directions) should be quickly identified to maintain reliable connectivity. In this paper, we introduce a new metric to quantify
the Effective Multipath Richness (EMR) of a directional communication channel in the angular domain. In particular, the
proposed metric takes into account the strength and spatial diversity of the resolved Multipath Components (MPCs), while also
considering the beamwidth of the communication link and the blockage characteristics. The metric is defined as a weighted
sum of the number of distinct MPC clusters in the angular domain, where the clustering of the MPCs is performed based on
the cosine-distance between the dominant MPCs.

For a given transmitter (TX) and receiver (RX) pair, the EMR is a single scalar value that characterizes the robustness of the
communication link against blockages, as it captures the number of unique communication directions that can be utilized.
It is also possible to characterize the blockage robustness for the whole environment by evaluating the spatial distribution
of the EMR metric considering various different TX/RX locations. Using our proposed metric, one can assess the scattering
richness of different environments to achieve a particular service quality. We evaluate the proposed metric using our 28 GHz
channel measurements in a library environment for Line-of-Sight (LOS) and NLOS scenarios, and compare it with some other
commonly used propagation metrics. We argue that EMR is especially informative at higher frequencies, e.g., mmWave and
terahertz (THz), where the propagation attenuation is high, and directional Non-Light-of-Sight (NLOS) communication is
critical for the success of the network.

Keywords - 28 GHz, 5G, 6G, angular spread, blockage, delay spread, millimeter-wave (mmWave), multipath components
(MPCs), multipath richness

1. INTRODUCTION reasonably achieved within Quality-of-Service (QoS) con-
straints) at mmWave frequencies to only a few [4], i.e.,
Line-of-Sight (LOS) path, if available, and a few additional
paths through strong reflections from obstacles. The
number of dominant paths may further decrease, or there
may be none at all, if one or more paths are blocked due to
mobile obstacles, as illustrated in Fig. 1. However, it is still
possible to establish multi-gigabit links between the user
and the serving Base Station (BS)/Access Point (AP) pro-
vided that the user location has the minimum necessary

High-frequency  bands, such as  millimeter-
wave (mmWave) and terahertz (THz), have attracted
increasing attention as a solution to the continuously
growing data rate demand. Due to very large amounts
of available spectrum at these higher frequencies, they
have received major attention for 5G, and recently 6G,
standardization efforts. For efficient planning of wireless
networks, a thorough understanding of the propagation

channel characteristics in the respective deployment
band is critical. Even though comprehensive knowledge
of the sub-6 GHz bands have been acquired already
through extensive channel measurements and modeling,
there is still much to investigate about mmWave bands
for successful deployment and operation of the wireless
networks using these bands.

Due to their high frequency, mmWave signals are more
sensitive to blockages and attenuate much faster than
the sub-6 GHz signals [1, 2]. For the same reason, free-
space path loss of a typical mmWave link is more than
an order-of-magnitude larger than that of a traditional
sub-6 GHz link [3]. These factors restrict the number
of dominant paths (over which communication can be

Received Signal Strength (RSS) over at least one path. The
most popular solution for compensating the additional
loss at high frequencies is to use phased array antennas.
Phased array antennas can electrically create and steer
beams in different directions so that alternate paths (with
more gain due to beamforming) can be utilized in case the
most preferable path(s) is (are) blocked [3].

Given the foregoing background, the number of backup
paths (i.e., useful paths that are dominant over any weak
scattered components and which can be utilized when
stronger paths are blocked) will increase the chance of es-
tablishing and maintaining communication between the
users and the BSs/APs. Accurate knowledge of these
paths under varying channel conditions is important and
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Fig. 1 - An example illustration of the blockage problem and calculation
of the EMR metric. There are five paths in total that are above a power
level P,;, at the RX. The LOS path is blocked and hence the commu-
nication should be maintained over the remaining eligible paths. Even
though there appears to be four more alternate paths through the reflec-
tions from the walls, the two paths on each side can be obscured simulta-
neously by the same blockage, meaning there are fewer effective backup
paths than it appears. The beamwidth is assumed to be smaller than the
blockage width ¢ . The parameter « defines the relative importance of
the weaker paths with respect to the strongest path.

can help to evaluate the suitability of an environment for a
particular deployment band or to determine the locations
of BSs/APs in a given environment to maximize a perfor-
mance metric (e.g., coverage or throughput). To address
this need, this paper defines a new metric, called Effective
Multipath Richness (EMR).

Fig. 1 illustrates the problem and provides an overview
of the EMR metric calculation. The EMR metric assesses
the value of the multipaths in a measured channel by tak-
ing into account the RSS over each path and the overall
spatial diversity of the paths. To achieve this, first, paths
with power above a certain threshold (P,;,) at the Re-
ceiver (RX) are identified and then clustered based on an
angular distance metric. The clustering is performed in
an iterative manner so that the resulting clusters satisfy a
spatial diversity constraint defined by a beam separation
threshold (¢,). Finally, the relative value of each cluster is
determined as a function of the cluster power and a decay
coefficient o which determines the relative importance of
the weaker paths. The value sum is output as the EMR for
a particular Transmitter (TX)/RX location pair.

To represent the overall scattering behavior of an envi-
ronment, the probability distribution function of the EMR
can be used, based on measurements performed at dif-
ferent TX/RX locations in that environment. In essence,
the EMR estimates the number of useful paths for commu-
nication, considering the environment-specific parame-
ters (e.g., blockage size or probability). It also character-
izes the gains that can be obtained via beamforming in
case the dominant paths get blocked. It will complement
the other well-known metrics, such as the Root-Mean-
Square (RMS) Delay Spread (DS) or Angular Spread (AS),
to characterize the channel, and accordingly, to plan the
deployment and operation of a mmWave network.

The rest of the paper is organized as follows. Section 2
reviews a few well-known metrics that can be used to as-
sess wireless propagation characteristics of an environ-
ment and motivates the need for the proposed EMR met-
ric. Section 3 introduces the steps to calculate EMR. Sec-
tion 4 presents the numerical results on the EMR met-
ric using our data from a 28 GHz channel measurement
campaign in an indoor library environment, and Section 5
provides concluding remarks.

2. CHARACTERIZING THE CHANNEL
BEHAVIOR

Information provided by the Power Delay Profile (PDP)
may be mostly sufficient for characterizing the channel at
sub-6 GHz frequencies. However, since the Angle of Ar-
rival/Departure (AoA/AoD) information of the Multipath
Components (MPCs) are of critical importance at high fre-
quencies (i.e., due to beamforming), Power Angular-Delay
Profiles (PADPs) of the channel should be extracted at
these frequency bands. The PADP can be expressed as [5]

N
PADP (7,00%",00%4) = " a,,5 (004°P — g0A°) (1)
n=1

X 0 (GOAOA — QOﬁOA) ot —m1,),

where N is the number of MPCs, «,, is the path gain,
QOQOD — [97A10D,Az elﬁloD,El]T and eoﬁoA — [H?LDA,AZ eﬁoA,El]T
are the two-dimensional AoD and AoA of the n-th MPC
in the azimuth and elevation planes, respectively, and
7, is the delay of the n-th MPC. These parameters can
be obtained from channel measurements using appro-
priate channel sounders or estimated from ray tracing
simulations along with accompanying MPC extraction
algorithms (e.g., peak search algorithm [5], or super-
resolution techniques [6, 7]). The relationship between
the received power over each path and the corresponding
path gain can be written using the link budget as

Pn:PTX+GTX+GRX+an [dB]7 VTLG[N], (2)

where G'tx and Gy are the TX and RX antenna gains, and
the TX/RX antennas are assumed to be aligned with the
n-th MPC’s AoD/AoA directions. We note that «,, in (1) is
the linear gain, whereas, in (2), it is in dB.

Besides PADP, it is also common in the literature to repre-
sent different characteristics of the channel concisely us-
ing various metrics, such as RMS-DS and RMS-AS. Easy-
to-interpret metrics can highlight certain aspects of the
channel and help in optimizing performance while plan-
ning the network. Next, we will briefly review some of
these metrics. We will also provide numerical results
based on a few representative channel measurements
which will motivate the need for our proposed metric.
In the rest of the paper, we will assume that the MPCs
have already been extracted from channel measurements
or ray tracing simulations as discussed above and use the
parameters to compute the metrics.
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2.1 Existing metrics for channel characterization

RMS-DS is a measure of temporal dispersion of the power.
It is calculated using the power and delay parameters of
the extracted MPCs as follows [8]:

Trms =

: 3
Zi\;l Pn

where P, is the power of the n-th MPC, and 7,,, is the
mean delay given by

N
o \j Zn:l Pn(Tn - 7_avg)Q

N
Zn:l PnTn
—_N
Zn:l Pn

RMS-AS indicates the dispersion of power in the spatial
domain. It can be calculated similarly to the RMS-DS as
follows [9]:

o _ \j f:; P("‘))(w - wavg)de
s fj; P(w)dw

)]

Tavg =

; )

where w is the AoA either in the azimuth or the elevation
plane, and P(w) is the sum of linear power of the MPCs
whose AoA is w in the azimuth or the elevation plane. The

term w,,, is the average AoA and given by

f_: P(w)wdw

Wayg = W (6)

Another relevant metric to understand the scattering
characteristics of the environments is the Angular Spread
Coverage (ASC) introduced in [10]. This metric is an
extension of the AS metric that was originally proposed
in [11] and quantifies the spatial diversity of the multi-
paths by

P,

ASC = max+ V |F‘O‘2 7 ‘F1|2

P )

max

7)

where P, ,, is the power of the MPC with maximum
power, and

F,= | P expliqu)de (®)

is the g-th complex Fourier coefficient of the power
arriving at the azimuth angle w. The original version of
the metric does not have the P, ,, terms in the numerator
and the denominator in (7) and hence returns zero if
the available paths have the same AoA azimuth angle.
However, the ASC metric can capture the event that the

client is in coverage if there is at least one available path.

Finally, we consider a slightly modified version of the
RMS-AS, which we refer to as the non-normalized RMS-
AS (nRMS-AS). As its name signifies, the nRMS-AS is calcu-
lated as in (5) but without normalization, i.e., the integral

Table 1 - Parameters of the MPCs shown in Fig. 2(a).

MPC AoD-Az AoD-El AoA-Az AoA-El Power Delay
# (i) ) ) ) ) (dBm)  (ns)
1 -90 0 90 0 -42.00 6.51
2 -150 0 150 0 -53.02 13.67
3 -150 0 150 -20 -57.40 11.72
4 -30 0 30 0 -57.67 19.53
5 -90 -20 90 -20 -58.74 7.16
6 -110 0 -110 0 -60.46 24.74

in the denominator of (5) is set to unit power. The intu-
ition here is that, due to the high attenuation in mmWave
frequencies, actual power of the MPCs is a critical fea-
ture, and normalizing weighted powers by the total power
may remove the multipath richness-related aspects of the
channel we are looking for. Given that, the nRMS-AS can
be thought of as the RMS value of the absolute power in
the angular domain. A similar procedure can be followed
to obtain the non-normalized RMS-DS, but we omit this
metric in this study for brevity.

2.2 Evaluation of the metrics

This section compares the above metrics evaluated for
three scenarios, where the number of extracted MPCs
and their spatial distribution vary between the scenar-
ios. Fig. 2(a) shows the first six strongest MPCs (both at
the TX and the RX sides) extracted from a sample chan-
nel measurement at 28 GHz. The measurement was con-
ducted in a typical office room of size &~ 5 m x 8 m and
equipped with furniture and computers. To avoid any
noise in the measurements, the measurement setup was
operated through remote control. Even though we per-
formed the measurements in indoor environments, we in-
spected the spectrum to make sure that there is no other
signal source around operating at 28 GHz. The highest
power is received through the LOS path and denoted by
the red arrow. Other paths are through first-order reflec-
tions from either the surrounding walls and furniture or
the ground, and their power levels are determined by the
length of the paths and the material type of the reflec-
tors. It is worthwhile to note that there is no second or
higher-order reflections in the list due to severe attenua-
tion at 28 GHz. Parameters of the MPCs are provided in
Table 1. This scenario (Scenario 1) is modified by assum-
ing that the Scatterer #1 is not a good reflector, and thus
paths 2 and 3 are not available. It is also assumed that
the remaining paths have the same parameters as in Sce-
nario 1. This scenario is referred to as Scenario 2 and il-
lustrated in Fig. 2(b). Lastly, Scenario 1 is also modified
such that there is a blockage between the TX and the RX,
which obscures the LOS path, the ground-reflected path,
and the path reflected from Scatterer #3. Therefore, there
are only three paths (with the same parameters) as shown
in Fig. 2(c). This scenario is referred to as Scenario 3.
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Fig. 2 - MPCs in the azimuth plane for three different scenarios. Elevation plane is omitted. MPCs are ordered and colored according to their power
P,,. Warmer colors represent higher power. The MPCs with the same color in different scenarios have the same parameters. The MPC set and hence
the spatial/temporal diversity of the paths differ in each scenario; however, RMS-DS, RMS-AS, and ASC fail to reflect these differences, and none of
them provides information about the number of backup paths. On the other hand, the EMR can differentiate between the scenarios in terms of their
true multipath richness and identifies Scenario 1 as the best environment wih an EMR of 2.42, whereas the other two scenarios have smaller (and

comparable) EMRs.

Table 2 - Comparison of the EMR with the other metrics for the three
scenarios in Fig. 2.

RMS-DS RMS-AS nRMS-AS

(ns) ©) ©) ASC EMR
Sce#1 3.29 26.28 0.23 146 242
Sce#2 291 20.87 0.17 1.29 1.64
Sce#3 2.67 48.05 0.14 218 1.81

The value of the metrics for the above scenarios are
given in Table 2. RMS-AS, nRMS-AS, and ASC metrics
are calculated based on the azimuth angles. Since it is
a small indoor environment and the measurement was
taken at a high frequency (i.e, 28 GHz), RMS-DS values
are also small. Moreover, RMS-DS values are close to each
other for all three cases. The number of available MPCs
and hence the overall spatial distribution vary depending
on the environment (e.g., blockage locations); however,
RMS-DS does not change significantly, as it represents the
delay spread around the mean delay.

In a similar way to the RMS-DS, although the first two
strongest MPCs following the LOS path are missing in Sce-
nario 2, there is no much difference between the RMS-AS
values of Scenario 1 and Scenario 2. Due to the blockage
in Scenario 3, three paths, including the LOS path, are ob-
scured. Therefore, power levels of the remaining MPCs
become more comparable (see Table 1). Besides, when
the three MPCs are removed, the remaining MPCs become
more spread in the angular domain. As a result, a notable
increase is observed in the RMS-AS in the last scenario.
Similar to the RMS-AS, the ASC metric returns the maxi-
mum value for the last scenario. Although the multipath
richness is the highest in the first scenario, the first two
scenarios have close ASC values. On the other hand, the
nRMS-AS is observed to better reveal the channel charac-
teristics we seek out. That is, the nRMS-AS is the highest
for Scenario 1, where the spatial diversity is the largest
among the other scenarios. Also, the nRMS-AS values are

very close to each other for Scenario 2 and Scenario 3,
indicating that the two channels are similar to each
other in terms of the spatial diversity of the MPCs.
However, since the nRMS-AS is a non-normalized
metric, its value depends on the absolute power of the
MPCs, making it inappropriate to be used to compare
the channels where there are large differences in the
MPC power levels.

Despite bringing valuable insights into power dispersion
in spatial/temporal domains, none of the above metrics
provide information about the number of alternate paths
and how valuable the paths are when a particular envi-
ronment is considered. As discussed above, the metrics
may return similar values for different sets of MPCs. In
addition, relying only on these metrics, it is not straight-
forward to estimate the channel behavior against differ-
ent sizes of blockages and the likelihood of a user being
in outage. Therefore, we propose the EMR metric, which
takes into account the power level of the backup paths
and their angular separation, and assesses the relative
value of each individual path with respect to the strongest
path. The EMR values for the three scenarios are provided
in Table 2 and will be interpreted in Section 4.

We note that the AS needs to be calculated separately for
azimuth and elevation planes, whereas the EMR metric
is calculated based on the three-dimensional angular dis-
tance between the paths. However, since the environ-
mental parameters, such as user density or the blockage
size/distribution, may differ in different parts of the envi-
ronments, the EMR should be computed for both the AoA
and the AoD for a more complete characterization of the
channel. We explain the procedure to calculate the EMR in
the following section for only the AoD (i.e., at the TX side).
The procedure for the AoA is the same except that, while
clustering the MPCs, angular distance between the paths
are calculated based on the AoA instead of AoD.



ITU Journal on Future and Evolving Technologies, Volume 2 (2021), Issue 2, 20 September 2021

20r @ o eo0@® 0000 OE
-40
15+
ol -50
-60 ~
o 5 £
= 2
Do ee@em weseoeco@00ee | -
< g
5 g0 &
10+ 90
15t
-100
20 ® oo @e o OLE
: : : : : -110
-150 -100  -50 0 50 100 150
AoD-Az (°)
(a)
-30
20 +
15+ -35
10 +
-40
~ 57 £
= g
1N} =
7 0 o o
< 5l 8
-50
-10
-15 + -55
20 ¢
.. ® @@
150 -100  -50 0 50 100 150
AoD-Az (°)
(b)
Fig. 3 - MPCs in the AoD-power space: (a) All MPCs and (b) MPCs after
thresholding with P, ;, = —60 dBm. Points with multiple colors indi-

cate multiple MPCs at the same point.

3. EFFECTIVE MULTIPATH RICHNESS
(EMR)

To calculate the EMR, two user-defined inputs are re-
quired: a minimum power level (at the RX) for the MPCs,
and a beam separation threshold. The first input is used
to select the MPCs through which the communication
can be maintained, whereas the second one is used in
clustering the MPCs to estimate the number of backup
paths that are well-spread over the angular space. Fol-
lowing the power thresholding and clustering processes,
the EMR is expressed as the sum of the weighted number
of clusters, and the effective richness of the channel in
terms of useful paths is revealed. The procedure to find
the EMR is explained in detail next. The outcomes of
the intermediate steps are demonstrated using a sample
measurement (performed in a library environment for
TX1-RX1 pair shown in Fig. 5(a)). We acknowledge that,
in this study, we are only interested in the dominant
MPCs and their overall spatial diversity. That is, we are
not concerned with whether the MPCs reach the receiver
through diffraction, diffuse or specular scattering, or
after penetrating through obstacles.

3.1 Thresholding with the minimum desired
power level

As beamforming will be used at higher frequencies, it
would be misleading to include the low-power paths in
the calculation of the EMR because these paths will not be
of any (or only be a little) help to the communication per-
formance. Therefore, after the extraction of the MPCs, the
first step is to identify the MPCs that are above a minimum
received power level. This power level should be deter-
mined based on the application-specific communication
needs, operating frequency, and the available environ-
mental parameters, such as the blockage size/probability
statistics. For example, in [12], where a learning-assisted
beam search scheme is proposed for indoor mmWave net-
works at 60 GHz, the minimum required RSS is defined
as —60 dBm; otherwise the User Equipment (UE) is trig-
gered to find a stronger link. On the other hand, in [13],
the RSS threshold is considered to be —84 dBm for a reli-
able communication at 60 GHz between the vehicles and
the Road Side Units (RSUs) in an urban environment from
Manhattan, NY. Similar to [12, 13], we consider a thresh-
old in this work to discard paths in the angular domain
that are weaker than that threshold. In Section 4, we will
investigate how the EMR changes with different thresh-
olds.

Let X = {x1,X3,---» X} be the set of all MPCs with N
being the total number of MPCs. Each MPC in X can be
characterized by six parameters as follows:

— AoD,Az pAoD,El pAoA,Az nAoA,El
Xn = {en 7971 7971 ,9n 7Tn’Pn}a (9)

where n = 1,...,N. Then, the subset of MPCs whose
power are above a predetermined level P, ;, can be de-
fined as

X={x,|P,>P

min»

n=1,..,N}. (10)

Fig. 3(a) shows all the MPCs (extracted from the mea-
surements shown in Fig. 5(a) at TX1-RX1 pair) in the
AoD-power space. We note that the number of extracted
MPCs depends on several factors, such as multipath delay
resolution of the channel sounder or the MPC extraction
algorithm. Based on the choice of these factors, one
can end up with a much smaller number of MPCs than
shown in Fig. 3(a). Considering the requirements, such
as minimum average date rate per user, let us assume the
minimum power level P_;, for an MPC to be eligible as a
backup path (after a blockage, in a different beam direc-
tion) to be —60 dBm. Then, the number of MPCs reduces
to only 17, and the resulting MPCs are shown in Fig. 3(b).
The parameters of these MPCs are provided in Table 3.
As it is clear from Fig. 3(b), three-dimensional AoDs for
some of the MPCs are very close to each other, which may
result in multiple MPCs being blocked in the presence of
an obstacle (of certain size) that is at a certain distance
to the TX. As a result of this observation, the likelihood of



ITU Journal on Future and Evolving Technologies, Volume 2 (2021), Issue 2, 20 September 2021

Table 3 - MPCs with power level above Pmin = —60 dBm and cosine
distance-based clustering results for ¢, = 20°.

MPC AoD-Az AoD-El AoA-Az AoA-El Power Delay Cluster
#(i) @) ) ) ()  (dBm)  (ns) #(i)

1 100 0 -80 0 -37.33  33.85 1
2 100 -20 -80 0 -43.25  33.20 1
3 -60 -20 -80 -20 -4535 4232 2
4 -120 0 -80 0 -50.75 57.94 4
5 20 0 -20 0 -51.27 88.54 3
6 120 0 -100 0 -51.60 37.11 1
7 120 0 -120 0 -52.35  39.06 1
8 180 0 -140 0 -52.83 115.88 5
9 20 0 -140 0 -53.42  102.21 3
10 -100 0 -80 0 -54.08 54.68 4
11 20 20 -20 20 -54.52 94.40 3
12 180 20 -20 20 -55.47 107.42 5
13 -100 0 -80 0 -56.60  55.99 4
14 120 -20 -100 0 -57.07 36.46 1
15 100 0 -120 0 -57.50 38.41 1
16 40 20 -20 20 -58.69 93.74 3
17 100 0 120 -20 -59.93  40.36 1

finding a link between the TX and the RX will be higher
when the MPCs spread out over the AoD azimuth and
AoD elevation space compared to when the MPCs exhibit
clusters. Therefore, for a reliable assessment of the
multipath richness of a channel, one should also take into
consideration the spatial diversity of the MPCs.

3.2 Cosine distance-based clustering

Having identified the paths over which a link can be es-
tablished, the next step is to find the number of effec-
tive alternate paths (i.e.,, beam directions that are sepa-
rated by at least a user-defined angular distance from any
other). Here we assume that the beamwidth is smaller
compared to the blockage angle ¢,, as shown in Fig. 1. To
achieve higher gains, multiple antenna elements with nar-
row beams are used at mmWave frequencies. This also
limits the number of beam directions. For example, it is
shown in [14] that the number of beam directions at the
mmWave BS side (with a 8 x 8 array and beamwidth 13°)
is only 10 in azimuth when the BS scans a total of 120 de-
grees.

Unlike the approaches that aim to parameterize the chan-
nel impulse response by clustering the MPCs based on
AoA, AoD, and delay information (e.g., [15, 16]), we cluster
the MPCs only using their angular parameters. This way,
it is possible to find how many alternate paths are avail-
able if some of the paths are blocked. Omitting the pa-
rameters other than the angles in the interested domain
(in this case, the AoD), each MPC in X in (10) can be rep-
resented by a vector in three-dimensional space as

Xl — {Tl7 9?0D7AZ7 G?OD,EI} , (11)

forl = 1,..., L, where L is the number of MPCs in X, and r,
is the magnitude of the vector x;. While r; may be defined
as the individual powers of the MPCs, since here only the
angles are of interest, r;can be simply set to 1, so x;

becomes a unit vector with the given elevation and
azimuth angles.

For clustering the MPCs in (11), an iterative cosine
distance-based k-means clustering algorithm is used. At
each iteration X is grouped into a number of clusters that
is equal to the current iteration count, and this process
is repeated until the desired spatial distance between the
cluster centroids is achieved. The cosine distance be-
tween any two vectors a and b is defined as follows:

d(a,b) = 1—cos(¢), (12)

where ¢ is the angle between the vectors in three-
dimensional space. If @ and b point in the same direction
(¢ = 0°), then d(a,b) = 0, or if they point in opposite
directions (¢ = 180°), then the distance attains its maxi-
mum, and d(a, b) = 2.

LetT'r = {cj 1, .-, ¢k, 1, } be the set of cluster centroids at
k-th (k < L) iteration, where ¢, ; isa 1 x 3 vector thatrep-
resents the centroid of y; € X. It should be noted that, al-
though each MPC will be matched to a centroid, there will
be k unique clusters and hence centroids. Each centroid is
the coordinate-wise mean of the points in a cluster, after
normalizing those points to unit Euclidean length. Once
the centroids are found for the current number of clusters,
the angular distance between any MPC and the centroid of
the cluster to which that MPC belongs is calculated. If all
the MPCs are at an angular distance from their centroids
of less than a beam separation threshold ¢, i.e.,

by = Lepxy < ¢, Ve (1., L), (13)

then the iterations are terminated, and the current itera-
tion count k is returned as the number of clusters.

The parameter ¢, is a design parameter, and it represents
the size or the angular width of the blockages that are
likely to obscure the possible links between the TX and the
RX in a given environment (see Fig. 1). When ¢, is higher,
it gets more likely that the paths close to each other will be
blocked. As a result, there will be fewer paths over which
the signals can be transmitted. We point out that if the
angular resolution of the TX/RX antennas is much lower
than ¢, then the clustering process can be skipped. In
such a case, each resolved path can be treated as a clus-
ter, and their powers can be directly plugged into (14) to
calculate the EMR.

It should be recalled that initializing the centroids at dif-
ferentlocations may lead the k-means algorithm to return
different clusters. It is also possible that some initializa-
tions may result in local optima. Both scenarios intro-
duce a bias in the EMR values. Therefore, at each itera-
tion, we randomly initialize k centroids, run the k-means
algorithm, and compute the cost function. This process is
repeated K times, and the clustering that yields the low-
est cost is picked for the current iteration. For the chan-
nel measurements used in this study, we observed that it
is sufficient to set K = 20 for the clusters to converge;
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Fig. 4 - MPCs (in unit vector representation) after thresholding with
Pin = —60 dBm (a) in 3D and (b) in 2D. Representation of the MPCs
by centroids after our clustering algorithm with ¢, = 20°(c) in 3D and
(d) in 2D. The centroids after clustering in (d) are more evenly spread
out and hence they better capture the number of beam directions
compared to (b) for the given ¢,.

however, larger K values may be required if there are
too many eligible paths after the thresholding step.

We applied our clustering algorithm on the MPCs listed
in Table 3. The stoppage criterion in (13) is satisfied af-
ter k = 5 iterations, when ¢, (characterizing the block-
age angle) is set to 20°, and the cluster IDs of the MPCs
are given in the last column of the table. Thus, when the
resilience of the channel to blockages and hence the spa-
tial diversity of the useful MPCs are of concern, for the
given ¢, it may be presumed that there are only four al-
ternate beam directions outside of the dominant beam
direction. The MPCs in unit vector representation after
thresholding and clustering steps are shown in 3D view
in Fig. 4(a) and Fig. 4(c), respectively, and in 2D view
along with the cluster IDs in Fig. 4(b) and Fig. 4(d). In
Fig. 4(a) and Fig. 4(b), MPCs are indicated with a circle
and the corresponding unit vectors, whereas the cross
marks in Fig. 4(c) and Fig. 4(d) denote the centroids of
the clusters. By comparing Fig. 4(b) and Fig. 4(d) and
treating the cen- troids as new MPCs, it can be seen that
the new MPCs are more evenly spread out and hence
better summarize the usable number of backup paths for
the given ¢..

3.3 Value of the backup paths and the EMR
metric

The last step in calculating the EMR is to compute the
value of the backup paths. We note that, after the clus-
tering process, backup paths refer to the cluster centroids
with the difference that the magnitude term r; in (11) is
now the linear sum of the powers of the MPCs in the cor-

Table 4 - Value of each cluster and the EMR for different c values (¢, =
20° and Pmin = —60 dBm).

Cluster  Cluster power Value
# (D) (dBm) (@=0.1) (a=04) («=0.7)
1 -36.02 1.00 1.00 1.00
2 -45.35 0.80 0.42 0.22
3 -47.72 0.76 0.33 0.15
4 -48.39 0.75 0.31 0.13
5 -50.94 0.70 0.24 0.08
p0 4.01 2.30 1.58

responding cluster. The value of each backup path de-
pends on its power level relative to the strongest path in
the same measurement. Let P, be the power of the m-
th cluster and K be the total number of clusters. Then, the
EMR is calculated by summing the value of the individual

paths as follows:

K Pcm—P- @
=3 () aw

where P, .. is the power of the strongest cluster, and «
is the decay coefficient that takes values in [0, 1]. Min-max
normalization in (14) ensures that the maximum value of
any cluster is limited to 1. On the other hand, « is a tun-
able parameter that determines the relative value of the
clusters with respect to the cluster with the highest total
power. If a = 0, then the value of each cluster will be the
same and equal to 1. As aisincreased towards 1, the value
of the weaker clusters and hence the EMR decreases. It
is also important to stress that, in normalizing the clus-
ter powers, P, is used instead of P, ;,. This way, while
determining the value of the cluster MPCs, the metric also
takes into account how much they are above the minimum

required power P,_;,.

Table 4 shows the power and the value of each cluster (i.e.,
the summand in (14)) or the backup paths, and the EMR
for three different o values when ¢, = 20° and P_;, =
—60 dBm. The cluster with the highest power, which in-
cludes the LOS path for this sample measurement, has a
value of 1 independent of the o value. Therefore, ifthere is
at least one path above P,;,, then the EMR will be greater
than or equal to 1. As « is increased from 0.1 to 0.7,
the relative value of the weaker clusters decreases in ac-
cordance with the above explanation, and the EMR rep-
resenting this particular TX/RX location decreases from
4.01 to 1.58. So the value of a can be determined based
on how much one wants to rely on the weaker paths to
establish communication in a given environment, and the
decision on the suitability of a TX location or the whole
environment can be made by interpreting the EMR metric.

4. NUMERICAL RESULTS

In this section, we evaluate the EMR metric using our
channel measurements at the Hunt library at NC State
University Centennial Campus for the TX-RX locations
shown in Fig. 5.
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Fig. 5 - (a) The Hunt library floor plans with TX/RX locations for a total of 19 LOS and NLOS measurements. TXs and RXs that form a pair are indicated
with the same color. LOS links are indicated with an arrow pointing from the TX to the corresponding RX. (b) Snapshot of the measurement scenario for

TX1-RX3 pair.

We also make a comparison between the EMR and the
other metrics discussed in Section 2. The measurement
campaign includes 11 LOS and 8 NLOS scenarios for
TX-RX separation distances ranging from 10 m to 50 m.
Other details about the measurements and the

measurement environment can be found in [17], where
we also presented two measurement-based large-scale
fading path loss models. For the extraction of the MPCs,
we used the peak searching algorithm in [5].
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Table 5 - Evaluation of the metrics for the library channel measurements.

Location Link State | RMS-DS | RMS-AS | nRMS-AS | ASC [ EMR ‘
TX1-RX1 LOS 32.10 30.15 0.56 1.74 2.30
TX1-RX14 | LOS 29.90 81.58 0.46 5.46 2.27
TX1-RX2 LOS 38.93 48.69 0.54 1.84 2.42
TX1-RX3 LOS 34.42 63.17 0.40 2.80 1.41
TX1-RX4 LOS 36.61 49.82 0.65 1.93 2.70
TX2-RX12 | LOS 37.50 92.38 0.71 4.50 1.86
TX2-RX8 LOS 29.08 154.60 1.61 3.98 3.25
TX3-RX10 | LOS 44.40 53.55 0.46 3.19 1.43
TX4-RX15 | LOS 27.53 38.89 0.86 2.62 2.40
TX4-RX16 | LOS 32.52 72.82 0.67 9.06 1.85
TX5-RX18 | LOS 29.93 88.68 1.30 3.32 2.23
TX1-RX5 NLOS 3391 93.95 0.36 3.55 1.30
TX1-RX6 NLOS 49.74 109.00 0.06 16.86 | 0.00
TX1-RX7 NLOS 41.33 54.09 0.42 3.95 1.33
TX2-RX13 | NLOS 62.21 41.30 0.09 7.23 0.00
TX2-RX9 NLOS 25.31 67.49 0.93 2.39 2.03
TX3-RX11 | NLOS 59.99 71.35 0.03 7.50 0.00
TX5-RX17 | NLOS 47.03 50.82 0.13 3.211 | 1.00
TX5-RX19 | NLOS 38.28 75.10 0.53 3.34 1.04

Increasing TX-RX separation

Number of clusters

A Y VANV > ) AT A0 ) A0 AD
e e e a tl adl et

TX-RX pair

Fig. 6 - Number of clusters for the LOS library measurements using the
cosine distance-based clustering in Section 3.2 (P, = —60 dBm, ¢, =
20°) . The same color code is used for the TX locations as in Fig. 5(a).
RX locations are grouped by the TX location and then ordered by
ascending TX-RX separation distance if there are multiple LOS
measurements at that TX location. Number of clusters follow a
decreasing trend with the increase in TX-RX distance.

4.1 Number of MPC clusters in angular
domain

We start our analysis by calculating the number of MPC
clusters. We focus on only the LOS measurements. Fig. 6
shows the number of clusters for each TX-RX pair calcu-
lated using the method in Section 3.2. RXs are grouped
based on the TX locations and ordered such that the
TX-RX separation increases from left to right in the fig-
ure. While identifying the clusters, only the MPCs with
a power level of above —60 dBm were taken into con-
sideration and an angular separation (between each clus-
ter) constraint of 20° is imposed. As there are other fac-

tors along with the TX-RX distance that affect the number
of clusters (e.g., reflection properties of the surrounding
objects for each TX-RX location), it would be inappropri-
ate to make a generalization about the number of clus-
ters solely based on the TX-RX distance. However, when
the RXs are grouped by the TXs as in Fig. 6, it can be eas-
ily seen that the number of clusters tends to decrease as
TX-RX distance increases. In addition, it can be observed
from the figure that, independent of the TX-RX separation
distance (up to 50 m) and height difference (up to two
floors), there are at least three well-separated paths that
can be utilized for all the scenarios. Depending on the sur-
rounding furniture, walls, and electrical appliances, the
number of alternate paths increases up to six.

Although the above observations are of considerable
value, they are not sufficient to reveal the relative impor-
tance of the weaker paths and hence the true multipath
richness of a channel. For example, it is highly likely to
have multiple TX locations that will lead to the same num-
ber of clusters for the same RX location, and in such a case,
the information about the number of clusters does not
provide sufficient insight into which TX location is more
favorable than the other. For this reason we use the EMR
metric but we also note interpreting the EMR with the
number of clusters can provide additional insights on the
propagation channel.

4.2 Comparison of EMR with the other metrics

Before proceeding with the evaluation of the metrics
for the library measurements, we go back to Table 2
where we compare the EMR metric with the existing
metrics for the scenarios shown in Fig. 2. When the
TX side is considered with parameters {«, ¢, Pi,} =
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Fig. 7 - The metrics evaluated based on the scenarios where the TX is lo-
cated at TX1 with (a) RXs in LOS with the TX1, and (b) RXs in NLOS
with the TX1. The EMR values are calculated using the following
parameters: ¢, = 20°, P, = —60dBm, o =0.4.

{0.1, 20°, —60 dBm}, the EMR is equal to 2.42, which
means that, in addition to the LOS path, there are at
least two well-separated paths with power above the re-
quired minimum. This is because, from (14), the value
of a backup path can be equal to at most 1 so one can
conclude there are at least |p| backup paths, where |- |
is the floor function. For example, if the LOS path (MPC
#1) is blocked, then most likely the paths of MPC #5 and
MPC #6 will be blocked as well; however, the EMR in-
dicates that the communication can be maintained over
two alternate paths which are separated by more than
20° from any other path. Similarly, as it can be seen from
Fig. 2(b) and Fig. 2(c), MPCs can be clustered into two in
both Scenario 2 and Scenario 3. Therefore, the EMR val-
ues are close to 2 in both cases indicating the availabil-
ity of at least one backup path. The EMR value is slightly
larger in Scenario 3 than in Scenario 2 because the total
power of the clusters are closer to each other in Scenario 3
thanin Scenario 2, increasing the value of the weaker cluster.

The metrics calculated based on the library measure-
ments when the TX is placed at location TX1 with the RXs
in LOS and NLOS are presented in Fig. 7(a) and Fig. 7(b),
respectively. The left ordinates in the figures represent
the values for RMS-DS and RMS-AS, whereas the right or-

dinates represent the values for the other metrics. As a
reference, the complete list of values are presented in Ta-
ble 5 along with the link state between each TX-RX pair.
Consistently with the results for the sample scenarios in
Fig. 2, we observe that the metrics other than the nRMS-
AS exhibit completely different trends than the EMR. Only
nRMS-AS follows the same trend as the EMR both in LOS
and NLOS scenarios. However, as already discussed in
Section 2.2, it is not possible to extract any information
about the number of alternate paths from the nRMS-AS.
Comparing the metrics for the LOS and NLOS scenarios,
it can be seen that the EMR (as well as the nRMS-AS) is
lower for the NLOS cases as expected. On the other hand,
all the other metrics return higher values for the NLOS
measurements, making it misleading to interpret the re-
sults in terms of effective multipath richness of the channel.

Among the LOS measurements in Fig. 7(a), location RX14
returns the highest values for the RMS-AS and ASC met-
rics, which can be credited to the relatively long TX-RX
separation distance and the reflections from the ceiling
and the surrounding walls. The multipath component
powers become comparable as the TX-RX separation dis-
tance increases and there are strong reflections from the
ceiling and walls, increasing the spatial diversity of the
paths. The same result can be observed for TX2-RX12
and TX2-RX8 (see Table 5), where the TXs and RXs are
placed at different floors and there is a ceiling above the
RXs. However, when the goal is to capture the effective
multipath richness and resilience of the paths to block-
ages, both the RMS-AS and ASC fail. The trends for the
two metrics are almost the opposite of the EMR both for
the LOS and NLOS scenarios.

4.3 Evaluation of EMR for different parameter
settings

Next, we evaluate the EMR metric for different o, ¢,, and
P, values. We change the value of one of the parame-
ters while keeping the others fixed and repeat this proce-
dure for all the parameters. Fig. 8(a) shows the change in
the EMR with «. As « is increased, weights of the weaker
paths in (14) decrease and hence the EMR decreases. The
EMR attains the minimum value for the measurement at
TX1-RX3 for all « values, i.e., 2.30, 1.41, and 1.15 for o =
0.1, a=04, anda=0.7, respectively. This result can
be attributed to the geometry of the environment at these
particular TX-RX locations which allows only the LOS path
and reflections from a glass window. Thus having an EMR
close to 1 means there is only one or two paths (other than
the strongest path) with relatively low power for that TX-
RX location and ¢, value. TX1-RX3 and TX2-RX12 both
have the same number of clusters (see Fig. 6); however,
the EMR is notably larger for the latter. Moreover, as «
increases, the rate of decrease in the EMR for TX1-RX3 is
higher than in TX2-RX12. From this observation, it can be
inferred that the alternate paths for TX2-RX12 have rel-
atively higher power and hence they are more valuable.
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Fig. 8 - EMR for the LOS measurements for: (a) different importance
factors o (¢, = 20°, P, = —60 dBm); (b) different blockage widths
¢, (@ =0.4, P, = —60dBm); and (c) different MPC thresholds P,;,
(=04, ¢p,=20°).

Fig. 8(b) shows the impact of ¢, on the metric. Since
larger ¢, values make it more difficult to satisfy the con-
straint in (13), there is a lower number of clusters with

Table 6 - Mean and standard deviation of EMR for different floors and
different TX locations on the same floor. TX1&TX2 are on the second
floor, and TX4&TX5 are on the fourth floor.

EMR Floor2 Floor4 || TX1 TX2 || TX4 TX5
mean (p) 1.81 1.66 172 198 || 208 1.4
std (p) 1.06 0.55 089 15 || 028 038

the increase in ¢,. So fewer terms add up while calculat-
ing the EMR metric, which, in turn, results in smaller
EMR values. When ¢, = 40°, the EMR is calculated to be
1 for TX2-RX12, which means that the spatial diversity of
the paths is poor. That is, there is only one effective path,
and the communication can easily be severed if that path
is blocked.

Finally, we look into the relation between the EMR and
P.in in Fig. 8(c). Since increasing P, results in fewer
eligible peaks that meet the minimum power require-
ments, the EMR decreases. When P, is increased up to

—50 dBm, we observe that, for two of the measurements
(i.e, TX1-RX14 and TX4-RX16), there is not a single path
that has a power level above —50 dBm, and thus the EMR
becomes zero. In addition, for most of the remaining TX-
RXlocations, there is only one effective path.

4.4 Characterization of the measurement en-
vironment using EMR

In this section, we demonstrate how the EMR can be used
to characterize the whole measurement environment. To
this end, we give the box plots of the EMR metric in Fig. 9
for LOS and NLOS scenarios. The horizontal lines indicate
(from the top) the maximum, the 75th percentile, the me-
dian (also colored red), the 25th percentile, and the mim-
imum of the data. The plus signs represent the outliers.
We see that the EMR values for the NLOS measurements
show the same trend with the change in the parameters as
in the LOS measurements. In addition, the EMR values, as
expected, are smaller in the NLOS measurements than the
LOS measurements. Except for the case, where P, is set
to —70 dBm, the first quartile for the NLOS measurements
is zero. This indicates that for some of the NLOS scenarios
there is no link between the TX and the RX as mmWave
frequencies are highly sensitive to blockages. However,
we observe that, when P, is below —50 dBm, the third
quartile of the EMR for the NLOS measurements is above
1.5 for all the ¢, values considered. This implies that in
most of the NLOS scenarios there are at least two beam
directions that can be utilized for directional communication.

As indicated earlier, the EMR can also be used to quan-
tify the effective multipath richness at a certain part of a
measurement environment or to compare the candidate
BS/AP locations in terms of their resilience to blockages.
To demonstrate these uses of the metric, in Table 6, we
give the mean and standard deviation of the EMR calcu-
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lated for all TX-RX location pairs on the second and fourth
floor of the library. We also show the same statistics for
two different TX locations on the same floors. It can be

observed that the second floor provides a higher mean
EMR than the fourth floor but the standard deviation is
also higher for the former. A similar observation can be
made for the TX locations TX1 and TX2, which are placed
on the second floor. Even though TX2 provides a higher
EMR on the average than TX1, the standard deviation of
the EMR s also higher at TX2, making it a difficult decision
to choose between the two locations. However, for the
TX locations TX4 and TX5 on the fourth floor, the mean
EMR is higher and the standard deviation of the EMR is
smaller at TX4 than at TX5. Therefore, it can be concluded
that TX4 is a more preferable location than TX5. It should
be noted that for a fair comparison between the EMR of
different TX locations, one should perform several mea-
surements at the same set of RX locations. Similarly, while
comparing the EMR of different floors, to remove the bias
in the EMR values, we suggest considering a comparable
number of measurements for both LOS and NLOS scenar-
ios on each floor.

We conclude with an important caveat. The EMR met-
ric calculated based on the measurements at 28 GHz can-
not be extrapolated to different bands. For a given prop-
agation environment, it would be possible to compare
the EMR at two different frequencies (e.g, a mmWave
and a THz frequency) only when the measurements are
available for both of the frequencies. As discussed ear-
lier in Section 1, the EMR metric depends on the carrier
frequency (due to different levels of attenuation at dif-
ferent frequencies) along with some other parameters.
This is also the reason why this metric can help to eval-
uate the suitability of an environment for a particular de-
ployment band. On the other hand, the EMR is a mea-
sure of how many effective alternate paths are available
and how valuable they are for establishing a reliable link.
Since NLOS directional communication is critical to com-
pensating for the high attenuation at high frequencies
(i.e, mmWave and THz frequencies), the knowledge of
the backup paths is more important at these frequencies.
Therefore, this metric is especially informative for the ef-
fective deployment and operation of the network infras-
tructure at higher frequencies.

5. CONCLUSION

In this paper, we introduced a new metric to assess
the effective multipath richness of a given environment,
which is key to the success of directional communications
in next generation wireless networks. Due to the use of
higher frequencies (mmWave and THz), increased link
directionality is critical to be able to maintain a reason-
able communication range, and it is critical to assess the
robustness of such directional links against blockages. In
this context, our proposed EMR metric takes into consid-
eration the required power level, the angular diversity of
the paths, and the angular width of the blockage with re-
spect to transmitter and receiver positions. It also allows
to adjust the relative importance of the paths (directions)
that are not the primary choice for communications.
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To summarize our key contribution, using a single scalar
value, the proposed EMR metric provides a measure of
the suitability and resilience of a specific propagation envi-
ronment for directional communications under blockage,
which are not captured directly by any of the other exist-
ing metrics in the literature. It is more informative than
the number of clusters and RMS-DS/AS, as it provides the
information on the number of alternate paths as well as
the strength of the weaker paths at the same time. The
metric was evaluated using real channel measurements
at 28 GHz in a library environment and shown to be use-
ful in measuring the resilience of the propagation links to
blockages. We believe that this metric will complement
the other well-known propagation metrics in characteriz-
ing different mmWave propagation environments and im-
proving the deployment and operation of next-generation
mmWave networks.
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