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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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Side-view Top-view

Fig. 2: Side and top view for TX-RX orientations for case 6
with bold lines showing the array mounts

Cases
TX
Elevation
θ0TX

RX
Elevation
θ0RX

TX
Azimuth
φ0
TX

RX
Azimuth
φ0
RX

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
(θ0TX , θ0RX , φ0

TX , φ0
RX) 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 Ndir = 144
pointing angle combinations (PACs). The channel is measured
with multiple scans. In each scan, the TX and RX sweep

all Ndir 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 Ndly = 192 samples for every PAC. All of this data
is written into a tensor with dimensions Ndly× Ndir×Nscan.
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 GTX/RX in dB, at the given
azimuth(φ) and elevation angle (θ) for the given direction c.
We define the total directionality in the n-th PAC for antenna
as G(n, ω) where ω = (φTX , φRX , θTX , θRX). The n-th entry
of G(n, ω) is just the sum of the TX and RX gains (in dB) in
the n-th PAC for the given AoA/AoD pair ω.

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(τ, n, j) is the directional PDP with time index τ and in
PAC n for the j-th scan, the omni-PDP S(τ, j) can be simply
calculated using the equation

S(τ, j) = max
n

X(τ, n, j), (1)

Note that the dimensions of S(τ, j) are Ndly ×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 Nscan number of RSSIs present in measurement data for
each sample. The overall RSSIlos 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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Fi g. 3:  C o m p aris o n of R S S I l o s ( bl u e) vs R S S I e s t (r e d) f or all 1 2 c as es

t e ns or  wit h di m e nsi o ns d es cri b e d i n s e cti o n II, k l o s i s t h e  L O S
c o m p o n e nt i n d e x, t h e R S S I L O S i s gi v e n b y:

R S S I L O S ( n ) =
1

N s c a n s

N s c a n s

j = 1

X ( k l o s , n, j), ( 2)

N o w t h at t h e R S S I L O S fr o m  m e as ur e m e nt is o bt ai n e d,  w e
p erf or m a l e ast s q u ar es ( L S) dir e cti o n fi n di n g pr o c e d ur e t o
fi n d o ut t h e  A o A/ A o D p air f or t h e  L O S c o m p o n e nt. S u p p os e
ω = ( φ T X , φR X , θT X , θR X ) i s a p ossi bl e  A o A /  A o D.  T h e n,
w e  w o ul d e x p e ct,

R S S I L O S ( n ) ≈ R S S I 0 + G (n,  ω ), ( 3)

w h er e R S S I 0 i s t h e  R X p o w er of t h e p at h b ef or e t h e b e a m-
f or mi n g g ai n a n d G (n,  ω ) is t h e a nt e n n a g ai n f or t h e tr u e
A o A/ A o D a n gl e ω .  T o d et er mi n e R S S I 0 a n d ω ,  w e s ol v e,

ar g mi n
R S S I 0 , ω n

|R S S I L O S ( n ) − R S S I 0 − G (n,  ω )|2 , ( 4)

P erf or mi n g t h e  mi ni mi z ati o n o v er R S S I 0 ,  w e o bt ai n:

ω = ar g mi n
ω

v a r( R S S I L O S ( n ) − G (n,  ω )), ( 5)

w h er e v ar( X (n )) is t h e v ari a n c e o v er n .  T his pr o c e d ur e
pr o vi d es a n esti m at e f or t h e  A o A/ A o D p air i n e a c h c as e.  T h e
a n gl es r el ati v e t o a fi x e d r ef er e n c e c a n t h e n b e c o m p ut e d fr o m
Ta bl e I usi n g si m pl e g e o m etr y.

B.  C o m p aris o n t o r a y-tr a c er

T o v erif y t h e  A o A/ A o D esti m at es f or all c as es,  w e us e
a c o m m er ci al r a y-tr a ci n g si m ul at or c all e d S c e n ar gi e b y S T E
[ 2 0].  T h e  T X a n d  R X a nt e n n a p att er ns ar e l o a d e d i nt o t h e

r a y-tr a c er.  T h e n r a y-tr a ci n g is e x e c ut e d f or t h e  L O S p at h o nl y
( w e dis c uss  N L O S l at er).  Aft er r a y-tr a ci n g is c o m pl et e,  w e g et
a n esti m at e d  R S SI at t h e o ut p ut of t h e si m ul at or R S S I e s t ( n )
f or e a c h P A C n i n e a c h c as e. Fi g. 3 s h o ws t h e c o m p aris o n
b et w e e n t h e esti m at e d  R S SI fr o m t h e r a y tr a c er R S S I e s t ( n )
a n d o ur  m e as ur e m e nts R S S I l o s ( n ) .  We s e e t h at t h e t w o
esti m at es ar e oft e n  wit hi n a f e w d B, si g nif yi n g t h at t h er e is a
cl os e c orr es p o n d e n c e b et w e e n t h e  m e as ur e m e nts a n d t h e r a y-
tr a c er. F or e a c h of t h e 1 2 c as es,  w e h a v e als o c o m p ut e d t h e
c orr el ati o n c o ef fi ci e nt,

ρ =
c o v (R S S I l o s , R S S Ie s t )

σ R S S I l o s
σ R S S I e s t

, ( 6)

w h er e t h e c o v ari a n c e a n d st a n d ar d d e vi ati o ns ar e c o m p ut e d
o v er t h e P A Cs i n t h at us e c as e.  Val u es of ρ ≥ 0 .8 5 ar e f o u n d
i n 1 0 o ut of 1 2 c as es.  T his  m e a ns t h at t h e pr o p os e d pr o c e d ur e
f or esti m ati n g  A o A/ A o D p air f or  L O S  w as s u c c essf ul a n d
a gr e es  wit h c o m m er ci al r a y tr a c er.

C. L O S p o w er a n al ysis

I n t h e n e xt st e p of  L O S a n al ysis,  w e c al c ul at e t h e p o w er
i n  L O S c o m p o n e nts P L O S i n all t h e c as es,  w hi c h is d o n e b y
a v er a gi n g t h e p o w er i n  L O S c o m p o n e nt fr o m t h e s y nt h esi z e d
o m ni- P D P S (t, j ) o v er all s c a ns, a n d c o m p ar e it t o t h e t ot al
r e c ei v e d p o w er.  T h e t ot al r e c ei v e d p o w er P R X i s c al c ul at e d
fr o m t h e s y nt h esi z e d o m ni- P D P i n t w o st e ps.  We first c al c u-
l at e a v er a g e p o w er P a v i n e a c h s a m pl e fr o m o m ni- P D P b y
a v er a gi n g o v er n u m b er of s c a ns.  M at h e m ati c all y,

P a v ( τ ) =
1

N s c a n s

N s c a n s

j = 1

S ( τ, j ), ( 7)

A ut h ori z e d li c e n s e d u s e li mit e d t o: N e w Y or k U ni v er sit y. D o w nl o a d e d o n S e pt e m b er 1 8, 2 0 2 0 at 1 3: 5 8: 0 0 U T C fr o m I E E E X pl or e.  R e stri cti o n s a p pl y. 
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Fi g. 4:  T ot al r e ci v e d p o w er o n  L O S p at h P L O S ( bl u e) a n d
p er c e nt a g e of p o w er  L O S c o ntri b ut es t o t h e t ot al r e c ei v e d
p o w er P R X (r e d)

T h e p o w er c o nt ai n e d i n  L O S p at h is si m pl y t h e p o w er at t h e
L O S i n d e x of P a v ( τ ) .  T h e n ois e p o w er P N i s t h e n s u btr a ct e d
fr o m t h e t ot al p o w er t o g et t h e t ot al r e c ei v e d p o w er. P N i s
c al c ul at e d b as e d o n t h e ass u m pti o n t h at a n yt hi n g r e c ei v e d
e arli er t h a n  L O S c o m p o n e nt i n P D P is n ois e.  T his is a f air
ass u m pti o n si n c e  L O S c o m p o n e nt is t h e s h ort est p at h b et w e e n
t h e  T X a n d  R X, s o a n y si g n al r e c ei v e d b ef or e t h at is ess e nti all y
n ois e. If k l o s i s t h e  L O S s a m pl e i n t h e a v er a g e d o m ni- P D P
P a v ( τ ) , t h e n ois e p o w er c a n b e c al c ul at e d usi n g

P N =
1

k l o s − M

k l o s − M

i = 1

P a v ( i) , ( 8)

w h er e M is c h os e n t o e ns ur e t h at t h e  wi dt h of t h e  L O S
c o m p o n e nts’ p uls e is n ot t a k e n i nt o a c c o u nt,  w hil e c al c ul at-
i n g n ois e p o w er.  Aft er c al c ul ati n g P N , t h e r e c ei v e d si g n al
p o w er P R X = P a v ( τ ) − P N a n d t h e n t h e  L O S li n k p o w er
P L O S = P a v ( k l o s ) ar e c al c ul at e d.  Wit h P L O S , P N a n d P R X ,
w e c a n s e e h o w t h e r e c ei v e d p o w er o n  L O S li n k i n e a c h c as e
l o o ks li k e.  A p art fr o m t h at,  w e c al c ul at e p er c e nt a g e of t ot al
r e c ei v e d p o w er is o bt ai n e d fr o m  L O S.  T h e r es ults h a v e b e e n
s u m m ari z e d i n Fi g . 4 . It c a n b e o bs er v e d fr o m Fi g. 4 t h at
L O S p at h is r es p o nsi bl e f or  m ost p er c e nt a g e of t h e t ot al p o w er
v ar yi n g fr o m 7 9 t o 9 0 p er c e nt  wit h a n a v er a g e of 8 3 p er c e nt
i n all c as es.  T h e  R S SI o n t h e  L O S li n k fl u ct u at es b et w e e n - 4 4
a n d - 4 9 d B m  wit h a n a v er a g e of ar o u n d - 4 7. 3 3 d B m a cr oss
all c as es.

I V.  N L O S  A N A L Y S I S

A.  A o A/ A o D  Esti m ati o n

As s e e n i n s e cti o n III,  L O S p at h a c c o u nts f or a  m aj or
p er c e nt a g e of t h e t ot al p o w er f or  m m Wa v e s yst e m, b ut t h e
L O S c o m p o n e nt  will n ot al w a ys b e a v ail a bl e b e c a us e of t h e
hi g h er s us c e pti bilit y of t h e si g n als t o b e bl o c k e d [ 5].  We
a n al y z e t h e  N L O S p at hs i n t h e  m e as ur e m e nt v e n u e t o s e e  w h at
o pti o ns t h e s yst e m h a v e as a n alt er n ati v e t o  L O S p at h.  T h e
first p art is t o i d e ntif y  N L O S p at hs fr o m t h e  m e as ur e m e nt d at a.
T his is d o n e b y st u d yi n g t h e o m ni- P D Ps of all t h e c as es.  All

t h e p e a ks a b o v e a c ert ai n t hr es h ol d ar e n ot e d.  T h e t hr es h ol d
f or e v er y c as e is c h os e n t o b e P N + 3 d B.  A t ot al of 6 p e a ks
i n cl u di n g t h e  L O S p at h  w as o bs er v e d a cr oss all c as es.

Aft er r e c or di n g all t h e  N L O S p e a ks,  w e e xtr a ct t h e  R S SI
fr o m t h e  m e as ur e m e nt d at a f or all t h e  N L O S p at h i n q u esti o n,
c all e d R S S I nl o s fr o m t h e c urr e nt c as e. It s h o ul d b e n ot e d t h at
t h e c h oi c e of c as e is als o criti c al t o e x a mi n e t h e p at h r o ut e
f or e x a m pl e i n t h e c as es  wit h r ot ati o ns i n a zi m ut hs, t h e p at hs
arri vi n g fr o m t h e si d es  will b e d o mi n a nt as c o m p ar e d t o u p-
tilts a n d d o w n-tilts,  w h er e, t h e p at hs fr o m t h e c eili n g a n d fl o or
will b e d o mi n a nt.  T h e  m et h o d f or e xtr a cti n g is si mil ar t o h o w
w e e xtr a ct  R S SI i n  L O S c as e.  T h e diff er e n c e is s a m pl e n u m b er
(k l o s will n o w b e c h a n g e d t o t h e d el a y i n d e x ass o ci at e d  wit h
e a c h p arti c ul ar  N L O S p at h).

Esti m ati n g t h e  A o A/ A o D f or e a c h  N L O S p at h usi n g t h e
L S dir e cti o n fi n di n g m et h o d fr o m ( 5) is n e xt.  We esti m at e
A o A/ A o D ( ω nl o s ) f or e a c h  N L O S p at h i n e v er y c as e.  T his
esti m at e  will t h e n h el p us t o tr a c e t h e p h ysi c al l o c ati o n of
t h e p at h.  We pr o c e e d t o t h e n e xt st e p aft er t h e esti m ati o n is
c o m pl et e,

B.  Fi n di n g  P h ysi c al L o c ati o ns of  N L O S  P at hs

T h e L S dir e cti o n fi n di n g pr o vi d es t h e dir e cti o ns of v ari o us
N L O S  m ulti p at h c o m p o n e nts.  T o v ali d at e t h e esti m at es,  w e
a g ai n us e r a y tr a ci n g t o c o n fir m t h at t h e esti m at e d p at hs
c orr es p o n d t o a ct u al e x p e ct e d p at hs i n t h e e n vir o n m e nt.  We
us e t h e i d e nti c al r a y-tr a c er as i n S e cti o n III).  T h e r a y-tr a c er is
c o n fi g ur e d t o s h o w t h e p at hs  wit h a  m a xi m u m of 2 r e fl e cti o ns,
1 tr a ns missi o n a n d 0 diffr a cti o ns.  As d es cri b e d i n [ 2 1][ 2 2][ 2 3],
m m Wa v e s yst e ms  will  m ostl y r el y o n r e fl e cti o ns f or  m ulti-
p at h pr o p a g ati o n, j ustif yi n g t h e c h oi c e t o f o c us  m ostl y o n
r e fl e cti o ns.  We e x p e ct s o m e tr a ns missi o ns si n c e t h er e ar e gl ass
p a n els o n c u bi cl e  w alls.  Aft er r a y-tr a ci n g is p erf or m e d, all t h e
p e a ks o bs er v e d i n t h e P D P fr o m r a y-tr a c er a n d  m e as ur e m e nts
ar e c o m p ar e d.

We d e fi n e t hr e e t y p es of p at hs h er e,  w hi c h  will b e us e d
i n t h e u p c o mi n g s e cti o ns. C a n di d at e  P at hs ar e t h e p at hs t h at
c a n b e o bs er v e d i n t h e P D P o bt ai n e d fr o m t h e r a y-tr a c er, a n d
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g e n er at e d b y r a y-tr a c er (st e m)
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Fi g. 6:  T o p vi e w of t h e v e n u e  wit h d et er mi n e d tr u e p at hs a n d
bl o c k er tr aj e ct or y f or s e cti o n  V

t h e d el a y ti mi n g of t h es e p at hs is cl os e  wit h t h os e f o u n d i n
m e as ur e m e nts. Tr u e p at hs ar e p at hs s u g g est e d b y t h e r a y-tr a c er
t h at c a n b e c o n fir m e d b y t h e  m e as ur e m e nt d at a. N o n- e xist e nt
p at hs ar e t h e o n es t h at a p p e ar i n t h e P D Ps g e n er at e d b y r a y-
tr a c er b ut ar e n ot pr es e nt i n t h e  m e as ur e m e nt P D Ps.  N ot e
t h at t h er e  will b e  m or e t h a n o n e c a n di d at e p at h fr o m t h e r a y-
tr a c er, b e c a us e it is p ossi bl e t h at p at hs  wit h diff er e nt r o ut es
b ut si mil ar p at h l e n gt hs e xist.  T h e t e m p or al i nf or m ati o n fr o m
t h e o m ni- P D P o bt ai n e d fr o m  m e as ur e m e nts a n d t h e s p ati al
i nf or m ati o n esti m at e d fr o m L S dir e cti o n fi n di n g ar e k e y t o
s h ortlisti n g c a n di d at e p at hs. Fi g. 5 s h o ws P D P g e n er at e d b y
r a y-tr a c er a n d s y nt h esi z e d.  O m ni- P D P f or c as e 8,  w h er e all of
t h e af or e m e nti o n e d p at hs c a n b e o bs er v e d.

I n t h e n e xt st e p,  w e e xtr a ct tr u e p at hs fr o m t h e s h ort-list e d
c a n di d at e p at hs.  T h e pr o c e d ur e f or s el e cti n g t h e tr u e p at hs
h as t h e f oll o wi n g st e ps.  T h e c a n di d at e p at hs h a v e si mil ar
t e m p or al i nf or m ati o n as t h e  N L O S p at hs i n  m e as ur e m e nt
d at a ( dis c ar di n g n o n- e xist e nt p at hs).  We us e t h e  A o A/ A o D
esti m at es ω nl o s t o f urt h er n arr o w d o w n t h e s e ar c h f or t h e
tr u e p at h.  We n ot e t h e  A o A/ A o D p airs f or t h e pt h c a n di d at e
p at h i. e. ω p = ( θ T X p , θR X p , φT X p , φR X p ) .  T h e  A o A/ A o D
p airs fr o m r a y-tr a c er t h at ar e cl os est t o t h e ω nl o s ( wit hi n ± 5 o

t o a c c o m m o d at e f or ali g n m e nt a n d di m e nsi o n  m e as ur e m e nt
err or) ar e c h os e n f or f urt h er a n al ysis. R S S I e s t i s c al c ul at e d
o n all t h es e p at hs a n d c o m p ar e d  wit h r es p e cti v e R S S I nl o s .
T h e p at h  wit h t h e hi g h est ρ is d e cl ar e d t o b e t h e tr u e p at h.
T h e pr o c e d ur e f or e xtr a cti o n of tr u e p at hs fr o m c a n di d at e p at hs
is s h o w n i n Fi g. 7.

T h e i d e nti fi e d p at hs ot h er t h a n  L O S ar e list e d b el o w:

• P at h 1 :  T h e fl o or ( First or d er r e fl e cti o n)
• P at h 2 & P at h 3 :  T h e p ol es s u p p orti n g t h e c u bi cl e j u n gl e

( First or d er r e fl e cti o n, 2 s y m m etri c al p at hs)
• P at h 4 :  Dr a w er c a bi n et a n d t h e fl o or ( S e c o n d or d er

r e fl e cti o n)
• P at h 5 :  B a c k- w all a n d t h e pill ar ( S e c o n d or d er r e fl e cti o n)

Si x o ut of s e v e n d o mi n a nt p at hs (i n cl u di n g  L O S)  w er e
i d e nti fi e d a n d v eri fi e d fr o m t h e  m e as ur e m e nts usi n g t h e pr o-

Fi g. 7: Fl o w c h art f or s el e cti o n of tr u e p at h fr o m c a n di d at e
p at hs

p os e d pr o c e d ur e.  T h e p at h diff er e n c e b et w e e n  L O S a n d t h e
r e fl e cti o n fr o m c eili n g is l ess t h a n 2 4 c m ( o bs er v e d fr o m t h e
r a y-tr a c er) s o t h es e p at hs c a n n ot b e r es ol v e d b y t h e s a m pli n g
r at e (1 .2 5 G S / s ) of t h e s yst e m.  L O S h o w e v er  will d o mi n at e
si n c e it h as n o i nt er a cti o n  wit h t h e e n vir o n m e nt.  T w o p at hs
ar e s y m m etri c  m e a ni n g t h e y arri v e at t h e  R X at t h e s a m e ti m e
a n d ar e visi bl e  w h e n t h e  T X/ R X is r ot at e d t o w ar ds t h e m.

Fi g. 6 s h o ws a di a gr a m of t h e  m e as ur e m e nt e n vir o n m e nt
a n d t h e p at h l o c ati o ns. Fi g ur e 8 s h o ws h o w R S S I nl o s a n d
R S S I e s t c o m p ar e aft er g oi n g t hr o u g h t h e s el e cti o n pr o c e d ur e.
O nl y t h e c as es  wit h hi g h est ρ ar e s h o w n f or e a c h p at h
i d e nti fi e d.  A cl e ar c orr es p o n d e n c e b et w e e n R S S I nl o s a n d
R S S I e s t s h o w t h at  w e  w er e s u c c essf ul i n e xtr a cti n g t h e tr u e
p at hs fr o m t h e c a n di d at es usi n g t h e pr o p os e d  m et h o d.

C.  N L O S  P o w er  A n al ysis

Aft er t h e i d e nti fi c ati o n of t h e  N L O S p at hs.  We c o nti n u e t o
d o t h e a n al ysis b y i n v esti g ati n g p o w er of t h e  N L O S P N L O S

p at hs si mil ar t o s e cti o n III.  T h e pr o c e d ur e is t h e s a m e as t h e
L O S p at h, t h e o nl y t hi n g diff er e nt is t h e s a m pl e t o b e e xtr a ct e d
fr o m t h e s y nt h esi z e d o m ni- P D P.  T h e n ois e c al c ul ati o n is t h e
s a m e as t h e  L O S a n al ysis.  T h e d at a f or  N L O S p at hs f or all
c as es c a n b e s e e n i n t a bl e II. P L r ef ers t o p at h l oss s uff er e d
b y t h e  N L O S si g n al P L nl o s c o m p ar e d t o t h e p at hl oss s uff er e d
b y t h e  L O S si g n al P L l o s i. e P L = P L nl o s − P L l o s , a n d R L
m e a ns r e fl e cti o n l oss b e c a us e of t h e r e fl e cti o n(s). If t h e p at h
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Fi g. 8: R S S I nl o s v s R S S I e s t of i d e nti fi e d p at hs f or t h e c as es  wit h b est ρ

C as es

P at h 1
P n l o s

( P’)
d B m
P L = 1. 8 d B
R L = 5 d B

P at h 2 o r 3
P n l o s

( P’)
d B m
P L = 6. 1 d B
R L = 9. 8 d B
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P n l o s

( P’)
d B m
P L = 3. 5 d B
R L = 8. 5 d B

P at h 5
P n l o s

( P’)
d B m
P L = 1 2. 7 d B
R L = 6. 5 d B

1
- 5 8. 5 1
(- 9. 6 8)

-
- 6 6. 6 8

(- 1 7. 8 4)
- 6 7. 7 7

(- 1 8. 9 4)

2
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- 6 6. 6 8

(- 2 0. 4 5)
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(- 2 0. 7 9)

3
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(- 1 0. 7 5)

-
- 6 7. 7 4
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(- 1 4. 3 9)
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(- 1 8. 1 6)
- 6 3. 9 4

(- 1 5. 7 9)
- 6 6. 0 1

(- 1 7. 8 6)

1 2
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(- 1 4. 8 1)
- 6 6. 9 0

(- 1 9. 6 0)
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(- 2 0. 9 5)

T A B L E II:  N L O S P o w er  A n al ysis

i n q u esti o n is a bs e nt i n t h e c as e, it is  m ar k e d b y ’-’.  T h e e ntr y
o n t o p i n e a c h r o w is t h e li n k P nl o s a n d t h e b ott o m e ntr y (i n
p ar e nt h esis) is p o w er  wit h r es p e ct t o t h e  L O S c o m p o n e nt i n
t h at c as e (P = P n l o s

P l o s
). Ta bl e II s h o ws t h at P at h 1 is t h e str o n g est

i n  m ost of t h e c as es o wi n g t o t h e  mi ni m u m P L , b ut it c a n
b e o bs er v e d t h at f or s o m e i nst a n c es, f or e x a m pl e c as e 2,
P at h 4 pr o vi d es a b ett er li n k t h a n P at h 1 e v e n t h o u g h t h e
si g n al s uff ers a d o u bl e r e fl e cti o n.  Alt h o u g h it o nl y h a p p e ns
o n c e ( c as e 2), t his is a n i nt er esti n g fi n di n g,  w hi c h t ells us t h at
w e c a n e v e n r el y o n t h e s e c o n d or d er r e fl e cti o ns i n  m m Wa v e

s yst e ms.  T his p h e n o m e n o n is a n artif a ct of t h e b e a mf or mi n g
d e pl o y e d at  T X/ R X. P at h 5 is t h e  w e a k est o n e i n all c as es
b e c a us e of t h e P L a n d t w o r e fl e cti o ns. It c a n als o b e o bs er v e d
fr o m t a bl e II t h at t h e p o w er i n  N L O S c o m p o n e nt is 9 t o 2 0
d B  w e a k er t h a n t h e p o w er i n  L O S c o m p o n e nt.

V.  B L O C K A G E A N A L Y S I S

Wit h a c o m pl et e u n d erst a n di n g of t h e st ati c n at ur e of t his
c h a n n el,  w e n o w  m o v e t o a bri ef dis c ussi o n of d y n a mi c
bl o c k a g e.  We a n al y z e t h e b e h a vi or b y pi c ki n g c as e 8, si n c e
it h as t h e  m ost n u m b er of i d e nti fi e d p at hs pr es e nt.  T h e
m e as ur e m e nt s et u p f or c as e is t h e s a m e as  m e nti o n e d i n t a bl e I.
T h e diff er e n c e is t h at a h u m a n bl o c k er is  m o vi n g b et w e e n t h e
T X a n d  R X  wit h t h e tr aj e ct or y s h o w n i n Fi g. 6.  We a n al y z e t h e
e v ol uti o n of t h e  R S SI f or str o n g est P A C,  wit h ti m e.  Diff er e nt
p at hs  will h a v e diff er e nt b est P A Cs d e p e n di n g o n a n gl es of
arri v al a n d d e p art ur e.  T h e ti m e e v ol uti o n of t h e  R S SI o n e a c h
p at h  wit h bl o c k a g e e v e nts c a n b e s e e n fr o m t h e Fi g. 9. P at h 3
g ets bl o c k e d first si n c e it is t h e first t o e n c o u nt er t h e bl o c k a g e
e v e nt,  L O S P at h 1 , P at h 5 ar e bl o c k e d si m ult a n e o usl y si n c e
t h er e is n o h ori z o nt al dis pl a c e m e nt f or eit h er of t h es e p at hs.
A n d P at h 4 is bl o c k e d at t h e e n d, si n c e it is t h e l ast p at h
t o s uff er bl o c k a g e. P at h 2 is n ot cl e arl y visi bl e i n t h e P D P.
T h e a n al ysis of t h e s e q u e n c e of bl o c k a g es f urt h er c o n fir ms
t h e c orr e ct n ess of t h e i d e nti fi e d p at hs.  A n ot h er t a k e a w a y fr o m
t h e bl o c k a g e a n al ysis is t h at at l e ast t w o p at hs ar e a v ail a bl e
f or c o m m u ni c ati o n at a n y p oi nt i n ti m e.  T his a n al ysis h el ps
us b uil d r o b ust s yst e ms o p er ati n g at  m m Wa v es e v e n  wit h
bl o c k a g e.

VI.  C O N C L U S I O N

M e as ur e m e nts of t h e  L O S a n d  N L O S p at hs pr o p a g ati o n
c h ar a ct eristi cs ar e criti c al f or t h e d esi g n of s yst e ms o p er ati n g
at  m m Wa v e fr e q u e n ci es. I n t his  w or k,  w e pr o vi d e a dir e cti o n
esti m ati o n pr o c e d ur e f or  L O S a n d  N L O S p at hs fr o m a p h as e d-
arr a y  m e as ur e m e nt s yst e m.  T h e r es ults ar e t est e d i n a n of fi c e
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Fig. 9: Evolution of RSSI on the best PAC, with time on each
path with blockage event

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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