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Abstract—Millimeter wave wireless systems rely heavily on
directional communication in narrow steerable beams. Tools to
measure the spatial and temporal nature of the channel are
necessary to evaluate beamforming and related algorithms. This
paper presents a novel 60 GHz phased-array based directional
channel sounder and data analysis procedure that can accurately
extract paths and their transmit and receive directions. The
gains along each path can also be measured for analyzing
blocking scenarios. The sounder is validated in an indoor office
environment.

Index Terms—mmWave communications , MIMO, Beamform-
ing, LOS, NLOS, Spatial Diversity, ray-tracing, reflection

I. INTRODUCTION

Millimeter wave (mmWave) technology is pivotal in de-
signing the future of wireless communication systems due to
the massive available bandwidth[1]. To compensate for the
high isotropic path loss and enable spatial multiplexing gains,
mmWave communication is generally performed in narrow
beams formed by phased arrays [2], [3]. Systems typically
exploit both line of sight (LOS) and non-line of sight (NLOS)
components for propagation between a transmitter (TX) and a
receiver (RX) [4] [1]. The mmWave beams in any particular
direction can be blocked easily due to smaller Fresnel zones
[5] and the penetration loss suffered by mmWave systems is
worse compared to sub 6-GHz systems [6]. A key challenge
in designing mmWave systems is finding beamforming al-
gorithms that can identify and switch to the optimal beam
in environments with multiple paths and blockage. Proper
evaluation of such algorithms relies on tools to accurately
measure available paths in realistic settings and observe how
the gains and directions of the paths vary due to blockage and
motion.

This paper presents a 60 GHz directional channel sounder
using a phased array measurement system in [7], [8] along
with a novel data analysis procedure that can identify the
real-time directions and gains of path in complex multiple
path environments. The 60 GHz bands are key unlicensed
bands [9] used for both 802.11ad and 802.11ay [10], [11].
Prior propagation work at 60 GHz has been mostly done

using quasi-omni antennas. For example, [12], [13] use horn
antennas and in [14], ray-tracing of the room was performed
since no spatial information was available. This work uses
phased arrays, similar to those used in [15], to measure the
channel in multiple directions simultaneously. Phased array
measurements [16] were used to estimate coverage with human
blockage. The use of phased arrays provides spatial informa-
tion about the channel which is of paramount importance in
mmWave systems as compared to quasi-omni antennas, which
provide very limited spatial information.

In this paper, we use measurements from an office cubicle
venue to analyze the behavior of LOS and NLOS components
of a mmWave system operating at 60 GHz. The contribution
of this paper is a novel method identifying both LOS and
NLOS paths and estimating their angles of arrival (AoA)/
angles of departure (AoD) from the performed measurements.
The estimates are validated against a commercial ray tracer
given a detailed interior model. We also perform a prelim-
inary blockage analysis for all the components and observe
the evolution of link quality on all components with time.
These analyses will aid in design of robust mmWave wireless
systems.

Fig. 1: Venue for the measurements at NYU Wireless Office
space
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Fig. 2: Side and top view for TX-RX orientations for case 6
with bold lines showing the array mounts

TX RX TX RX
Cases | Elevation | Elevation | Azimuth | Azimuth
07 x 0% x Prx Phx
1 -14 0 -45 45
2 -14 0 0 0
3 -14 0 45 -45
4 -14 14 -45 45
5 -14 14 0 0
6 -14 14 45 -45
7 0 0 -45 45
8 0 0 0 0
9 0 0 45 -45
10 0 14 -45 45
11 0 14 0 0
12 0 14 45 -45

TABLE I: Array Orientation for all cases

II. MEASUREMENT SETUP

a) Measurement venue: The measurement venue is an
office space shown in Fig 1, similar venue was used for
measurements in [17]. The TX and RX had a clear LOS path
and were both located in a relatively open area within the
office. The TX was located at a height of 263 cm (ceiling
height of 273 cm) on top of a gimbal and the RX was at
a height of 137 cm on a gimbal which in turn is mounted
on tripod. This was done to imitate a scenario replicating an
access point on the ceiling serving a user hand-held device.

Since the arrays on both TX and RX have limited steerable
range, a total of 12 measurements were done, each with
different TX and RX orientations, which we refer to as cases.
The coordinate system for the measurements is described as
follows. The rotation(Azimuth) is said to be positive when the
gimbal is rotated clockwise as viewed from above with respect
to its axis of rotation. It is counter clockwise vice versa. For
elevation, an up-tilt from the horizon is considered positive
while a down-tilt from the horizon is considered negative.
The orientations for all the cases have been summarized in
Table I according to the described co-ordinate system. We call
(0%, 0%, 0%, 9% ) the reported angles. The top-view and
side view for case 6 have been shown in Fig. 2 to explain the
coordinate system.

b) Phased Array Measurements: In each case, the chan-
nel is measured using the phased array sounder described in
detail in [7], [8]. The sounder has 12 element SiBeam phased
arrays at both the TX and RX, with fixed codebooks of 12 TX
and 12 RX directions. Hence, there are a total of Ng;, = 144
pointing angle combinations (PACs). The channel is measured
with multiple scans. In each scan, the TX and RX sweep

all Ng;,» PACs. Each scan takes 3.2ms. There are a total of
Nscan = 1750 scans, meaning the total measurement time
is 5.6s. Each scan generates 144 power delay profiles (PDPs)
containing Ny, = 192 samples for every PAC. All of this data
is written into a tensor with dimensions Ny, X Ngir X Ngcan.
Sampling rate used for measurements was 1.25 giga samples
per second (GS/s), so the difference between two samples is
0.8 ns.

c) Antenna Patterns: For the SiBeam 60 GHz phased
array were already available for TX and RX arrays for
all codebooks [15]. The antenna patterns are organized into
four dimensional matrices for TX and RX where each entry
corresponds to the directionality G'7x/rx in dB, at the given
azimuth(¢) and elevation angle () for the given direction c.
We define the total directionality in the n-th PAC for antenna
as G(n,w) where w = (¢7x, drx,0rx,0rx). The n-th entry
of G(n,w) is just the sum of the TX and RX gains (in dB) in
the n-th PAC for the given AoA/AoD pair w.

d) Omni-directional PDP Synthesis: From section II,
we acquire 144 PDPs for different beam pairs from each
scan in every measurement. These PDPs strongly depend on
the beamforming deployed at TX and RX and hence are
directional in nature. Each PDP corresponds to a specific beam
pair so getting a general mapping of the spatial information
is difficult. To get a general idea of the spatio-temporal
information of the channel, these directional PDPs need to be
converted into an omni-directional PDPs, which encapsulate
all the information from directional PDPs (144 in our case) in
an organized manner. Some work has been done on the topic of
synthesizing omni-PDPs from directional PDPs in [18], [19].
We use the method discussed in [18] to serve the purpose. If
X(7,n,j) is the directional PDP with time index 7 and in
PAC n for the j-th scan, the omni-PDP S(7, j) can be simply
calculated using the equation

S(r,j) = max X(7,n, j), (1
n
Note that the dimensions of S(7,j) are Ngiy X Nscans-

III. LOS ANALYSIS

A. AoA/AoD Estimation

In this subsection, we will propose a method of extracting
the AoA/AoD pair of the LOS path from the measurement
data from all 12 cases. We use Received Signal Strength
Indicator (RSSI) in all pointing angle combinations (PAC) as
the parameter to be compared. We firstly identify the sample
that contains the LOS component from the synthesized omni-
PDP. The LOS component will be the first to arrive at RX
(since it is the shortest path) so the time at which the first peak
is observed at the receiver is the LOS component. There will
be Ngcan number of RSSIs present in measurement data for
each sample. The overall RSST,s is extracted by averaging
RSSI from the PDP sample containing LOS component across
all these scans. Mathematically, if X is the measurement data
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Fig. 3: Comparison of HSS1;,.. (blue) vs RSSI, _,(red) for all 12 cases

tensor with dimensions described in section 11, &y, is the LOS
component index, the HSS1; og is given by:

N azana

1
z X (ktaa, m, 5), (2)
=1

RS5SI10s(n) = N

MNow that the RSS5[; s from measurement is obtained, we
perform a least squares (LS) direction finding procedure to
find out the AoA/AoD pair for the LOS component. Suppose
w=(¢rx,Prx,frx,frx) is a possible AoA / AoD. Then,
we would expect,

RS5S811ps(n) = RSS1) + G(n,w), (3)

where HSS1; is the RX power of the path before the beam-
forming gain and G(n,w) is the antenna gain for the true
AoA/AoD angle w. To determine HSS1 and w, we solve,

argmin ) | |RSSI10s(n) — RSSIh — G(n,w),  (4)
RESIg,w n
Performing the minimization over RSS1;, we obtain:
@ = argmin var( RSS81; ps(n) — Gin,w)), (3)

where var{X(n)) is the variance over n. This procedur
provides an estimate for the AoA/AoD pair in each case. The
angles relative to a fixed reference can then be computed from
Table I using simple geometry.

B. Comparison to ray-tracer

To verify the AoA/AoD estimates for all cases, we use
a commercial ray-tracing simulator called Scenargie by STE
[20]. The TX and RX antenna patterns are loaded into the

ray-tracer. Then ray-tracing is executed for the LOS path only
{we discuss NLOS later). Afier ray-tracing is complete, we get
an estimated RSSI at the output of the simulator BS51,.;(n)
for each PAC n in each case. Fig. 3 shows the comparison
between the estimated RSSI from the ray tracer RSS51..;(n)
and our measurements HSSI..(n). We see that the two
estimates are often within a few dB, signifying that there is a
close correspondence between the measurements and the ray-
tracer. For each of the 12 cases, we have also computed the
cormelation coefficient,

_ cov(RSS1y,., RSSI. )

TRSSI,,, TRSSI,,,
where the covariance and standard deviations are computed
over the PACs in that use case. Values of p > 0.85 are found
in 10 out of 12 cases. This means that the proposed procedure

for estimating AoAfAoD pair for LOS was successful and
agrees with commercial ray tracer.

(6)

C. LOS power analysis

In the next step of LOS analysis, we calculate the power
in LOS components Pj g in all the cases, which is done by
averaging the power in LOS component from the synthesized
omni-PDP S(t, ) over all scans, and compare it to the total
received power. The total received power Pry is calculated
from the synthesized omni-PDP in two steps. We first calcu-
late average power P, in each sample from omni-PDP by
averaging over number of scans. Mathematically,

Nacana

z S(r,7),
=1

Pnu{T} = {T}

1
Namm
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Fig. 4: Total recived power on LOS path Fjpg(blue) and
percentage of power LOS contributes to the total received
power Pry (red)

The power contained in LOS path is simply the power at the
LOS index of P,, (7). The noise power Py is then subtracted
from the total power to get the total received power. Py is
calculated based on the assumption that anything received
earlier than LOS component in PDP is noise. This is a fair
assumption since LOS component is the shortest path between
the TX and RX, so any signal received before that is essentially
noise. If k., is the LOS sample in the averaged omni-PDP
PB,.(7), the noise power can be calculated using

Eioa—M

1 .
Py =71 2 Fau (@),

where M is chosen to ensure that the width of the LOS
components’ pulse is not taken into account, while calculat-
ing noise power Afier calculating Py, the received signal
power Py = P,.(t) — Py and then the LOS link power
Pros=P,.(ki..) are calculated. With Pprpg, Py and Pry,
we can see how the received power on LOS link in each case
looks like. Apart from that, we calculate percentage of total
received power is obtained from LOS. The results have been
summarized in Fig. 4 . It can be observed from Fig. 4 that
LOS path is responsible for most percentage of the total power
varying from 79 to 90 percent with an average of 83 percent
in all cases. The RSSI on the LOS link fluctuates between -44
and -49 dBm with an average of around -47.33 dBm across
all cases.

(8)

IV. NLOS ANALYSIS
A. AoAfAoD) Estimation

As seen in section II, LOS path accounts for a major
percentage of the total power for mmWave system, but the
LOS component will not always be available because of the
higher susceptibility of the signals to be blocked [5] We
analyze the NLOS paths in the measurement venue to see what
options the system have as an alternative to LOS path. The
first part is to identify NLOS paths from the measurement data.
This is done by studying the omni-PDPs of all the cases. All

the peaks above a certain threshold are noted. The threshold
for every case is chosen to be Py + 3dB. A total of & peaks
including the LOS path was observed across all cases.

After recording all the NLOS peaks, we exiract the RSSI
from the measurement data for all the NLOS path in question,
called RSS1,,;,. from the current case. It should be noted that
the choice of case is also critical to examine the path route
for example in the cases with rotations in azimuths, the paths
ariving from the sides will be dominant as compared to up-
tilts and down-tilts, where, the paths from the ceiling and floor
will be dominant. The method for extracting is similar to how
we extract RSSI in LOS case. The difference is sample number
(ks will now be changed to the delay index associated with
each particular NLOS path).

Estimating the AoAfAoD for each NLOS path using the
LS direction finding method from (5) is next We estimate
AoA/A0D (i) for each NLOS path in every case. This
estimate will then help us to trace the physical location of
the path. We proceed to the next step after the estimation is
complete,

B. Finding Physical Locations of NLOS Paths

The LS direction finding provides the directions of various
NLOS multipath components. To validate the estimates, we
again use ray iracing to confirm that the estimated paths
cormespond to actual expected paths in the environment. We
use the identical ray-tracer as in Section III). The ray-iracer is
configured to show the paths with a maximum of 2 reflections,
1 transmission and O diffractions. As described in [21][22][23].
mmWave systiems will mostly rely on reflections for multi-
path propagation, justifying the choice to focus mostly on
reflections. We expect some transmissions since there are glass
panels on cubicle walls. Afier ray-tracing is performed, all the
peaks observed in the PDP from ray-tracer and measurements
are compared.

We define three types of paths here, which will be used
in the upcoming sections. Candidate Paths are the paths that
can be observed in the PDP obtained from the ray-tracer, and
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Fig. 5: Omni PDP from measurement case 8 (black) vs PDP
generated by ray-tracer (stem)

Authorized licensed use limited fo: New ork University. Downloaded on September 18,2020 at 13:58:00 UTC from IEEE Xplore. Restrictions apply.



#= reflection point
= Blocker Trajectary

a1

Fig. &: Top view of the venue with determined true paths and
blocker trajectory for section V

the delay timing of these paths is close with those found in
measurements. True paths are paths suggesied by the ray-tracer
that can be confirmed by the measurement data. Non-existent
paths are the ones that appear in the PDPs generated by ray-
tracer but are not present in the measurement PDPs. Note
that there will be more than one candidate path from the ray-
tracer, because it is possible that paths with different routes
but similar path lengths exist. The temporal information from
the omni-PDP obtained from measurements and the spatial
information estimated from LS direction finding are key to
shortlisting candidate paths. Fig. 5 shows PDP generated by
ray-tracer and synthesized. Omni-PDP for case 8, where all of
the aforementioned paths can be observed.

In the next step, we extract true paths from the short-listed
candidate paths. The procedure for selecting the true paths
has the following steps. The candidate parhs have similar
temporal information as the NLOS paths in measurement
data (discarding non-existent paths). We use the AoA/AoD
estimates @, to further narow down the search for the
true path. We note the AoA/AoD pairs for the pth candidate
path ie. &, = (frxp,frxp, ¢TXp: PRXpE) The AOA/AOD
pairs from ray-tracer that are closest to the @, .. (within £5°
to accommodate for alipnment and dimension measurement
error) are chosen for further analysis. RSS1,,, is calculated
on all these paths and compared with respective RSS5T, ...
The path with the highest p is declared to be the true path.
The procedure for extraction of true paths from candidate paths
is shown in Fig.7.

The identified paths other than LOS are listed below:

« Pathl: The floor (First order reflection)

« Path? & Path3: The poles supporting the cubicle jungle

(First order reflection, 2 symmefrical paths)

« Path4: Drawer cabinet and the floor (Second order

reflection)

« Path5: Back-wall and the pillar (Second order reflection)

Six out of seven dominant paths (including LOS) were
identified and verified from the measurements using the pro-

Al Paths from [ WLOS path from
Tay-iracer MEASUrEment
Compare delay : ]
[ .
{ntevals Compute R551 4,
Camndidate Paths
1
Get &y, From Estimate G,
Fay-iracer Fram measuremen
Compare
"uTn"albd. EJ.::
L)
Select Candidates
withim + 5% of
[
frnm meassarement
Caleulaie R5S1,
for each of the
sedected path

i

Caloulate p between
each RE515, and RES ]y

Select Path with max p

Fig. 7: Flow chart for selection of true path from candidate
paths

posed procedure. The path difference between LOS and the
reflection from ceiling is less than 24 cm (observed from the
ray-tracer) so these paths cannot be resolved by the sampling
rate (1.25(5/s) of the system. LOS however will dominate
since it has no interaction with the environment. Two paths
are symmeiric meaning they arrive at the RX at the same time
and are visible when the TX/RX is rotated towards them.

Fig. 6 shows a diagram of the measurement environment
and the path locations. Figure 8 shows how RSSI .. and
RSSI,.; compare after going through the selection procedure.
Only the cases with highest p are shown for each path
identified. A clear comespondence between HSSI,;.. and
RSSI..; show that we were successful in extracting the frue
paths from the candidates using the proposed method.

C. NLOS Power Analysis

After the identification of the NLOS paths. We continue to
do the analysis by investigating power of the NLOS Pyros
paths similar to section IIL The procedure is the same as the
LOS path, the only thing different is the sample to be extracted
from the synthesized omni-PDP. The noise calculation is the
same as the LOS analysis. The data for NLOS paths for all
cases can be seen in table II. PL refers to path loss suffered
by the NLOS signal PL,;.., compared to the pathloss suffered
by the LOS signal PL;,, ie PL=PL .. — PLj,., and RL
means reflection loss because of the reflection(s). If the path
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Fig. 8: RS51,;,. vs RSSI,.,; of identified paths for the cases with best p
';;f:‘ﬂ’l ';;:ﬁ’z or 3 I;,:tih: Eﬁf systems. This phenomenon is an artifact of the beamforming
. ") P ") P deployed at TX/RX. Path5 is the weakest one in all cases
dFBLTu a8 :BL:E.I a8 g:ﬁ @ :f:u? a8 because of the PL and two reflections. It can also be observed
RI-5dB | RI-98dB | RI-85dB | Ri— 65 dB from table I that the power in NLOS component is 9 to 20
1 “5E.51 66,68 k] dB weaker than the power in LOS component
(-9.68) ] (-17.84) (-18.94)
2 -60.22 -, 68 -39 6702 V. BLOCKAGE ANALYSIS
(-14.000 (-20.45) (-1275) (-20.7%) .
. =570 =TT +TTE With a complete understanding of the stal:_tc nature of I]l.ilS
-8.24) (-10.75) ) (-19.29) channel, we now move to a brief discussion of dynamic
R [:‘_;rg.gg} j ) (jggi] b}uckage We analyze the Wim _b]r picking case 8, since
0T =TT I it has the most number of identified paths present. The
5 (-16.04) - 1771 {-18.37) measurement setup for case is the same as mentioned in table L
6 80,51 6357 i 6067 The difference is that a human blocker is moving between the
[_;ﬁé) ':'éi-gg] ——— ':j; 4;3;] TX and RX with the trajectory shown in Fig.6. We analyze the
7 [_1[,.:43) (_17:47] (- |3.3|) (-20.85) evolution of the RSSI for strongest PAC, with time. Different
8 -5E.63 6142 -60.21 -67.51 paths will have different best PACs depending on angles of
[';E-g‘l‘) ('é:-ﬁ] (-1253) (1';?%3 arrival and departure. The time evolution of the RSSI on each
9 (9.74) (-19.14) - (21.15) path with blockage events can be seen from the Fig.9. Path3
10 153 “E4.60 B1.64 6 gets blocked first since it is the first to encounter the blockage
[-ég-;i?' (-135?3 (- :3313' (-2‘13?3 event, LOS Pathl, Path5 are blocked simultaneously since
&L 56 - 66, . . )
1 (14.39) C1E.16) 1579 17.86) there is no horizontal displacement for eith&:r_ of these paths.
u &1l S6.00 L And Pathd is blocked at the end, since it is the last path
(-14.81) (-19.60) i (-20.95) to suffer blockage. Fath2 is not clearly visible in the PDP.

TABLE II: NLOS Power Analysis

in question is absent in the case, it is marked by °-°. The enfry
on top in each row is the link P, and the bottom entry (in
parenthesis) is Ppcmer with respect to the LOS component in
that case {P’——,}h&} Table I1 shows that Path1 is the strongest
in most of the cases owing to the minimum PL, but it can
be observed that for some instances, for example case 2,
Pathd provides a better link than Pathl even though the
signal suffers a double reflection. Although it only happens
once (case 2), this is an interesting finding, which tells us that
we can even rely on the second order reflections in mmWave

The analysis of the sequence of blockages further confirms
the correctness of the identified paths. Another takeaway from
the blockage analysis is that at least two paths are available
for communication at any point in time. This analysis helps
us build robust systems operating at mmWaves even with

blockage.
VI. CONCLUSION
Measurements of the LOS and NLOS paths propagation
characteristics are critical for the design of sysiems operating
at mmWave frequencies. In this work, we provide a direction

estimation procedure for LOS and NLOS paths from a phased-
array measurement system. The results are ested in an office
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scenario and agree closely with simulations from a ray-tracer
programmed with a model for the room. In this particular
office, it is shown that that the observed LOS component
accounts for about 83 percent of the total power with a
maximum of 90 percent and a minimum of 79. The observable
NLOS paths are at least 9 dB weaker than the LOS path with
the worst case being 20 dB. NLOS components that undergo
second order reflections can also be extracted and used for
communication purposes. We conclude with the analysis of
the identified paths under the influence of a human blockage
that at least two paths are available for communication at any
point in time. An analysis of the blockage event timing and
blocker motion agrees with the expected blockage timeline for
the identified NLOS paths.
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