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throughputs [[10] over current Long Term Evolution (LTE)
Abstract—This paper presents small-scale fading measure- technology.
ments for 28 GHz outdoor millimeter-wave ultrawideband chan- While large-scale path loss model parameters have been

nels using directional horn antennas at the transmitter and . . ..
receiver. Power delay profiles were measured at half-wavetgth extensively published [3]-[6], the statistics of smalisc

spatial increments over a local area (33 wavelengths) on ankar fading at mmWave_ frequencies_ havg thus far reqeived "t_t'e
track in two orthogonal receiver directions in a typical base- attention, yet are vital when estimating path amplitudengai
to-mobile scenario with fixed transmitter and receiver ant&na over a local area in MIMO simulations. Small-scale fading
beam pointing directions. The voltage path amplitudes arelsown  measyrements over fractions of wavelengths in the UHF and

to follow a Rician distribution, with K-factor ranging from : . . .
9-15dB and 5- 8 dB in line of sight (LOS) and non-line Microwave bands in both indoor and outdoor environments

of sight (NLOS) for a vertical-to-vertical co-polarized antenna have previously provided invaluable insight into spatiatia
scenario, respectively, and from 3 - 7 dB in both LOS and NLOS temporal fading of multipath amplitudes, commonly chaeact
vertical-to-horizontal cross-polarized antenna scenan. The av- jzed with a Rician distribution in LOS environments where a
erage spatial autocorrelation functions of individual mutipath  §ominant path is present, and in NLOS channels with Rayleigh

components reveal that signal amplitudes reach a correlatin of T I
0 after 2 and 5 wavelengths in LOS and NLOS co-polarized V-V or lognormal distributiond [11]5[14]. Such measuremetds a

antenna scenarios. The models provided are useful for recaing  €nable th_e StUd){ of autoco_rrelation prop_erti_es of indi_aldmd
path gain statistics of millimeter-wave wideband channelmpulse total multipath signal amplitudes, equalization algari#) and
responses over local areas, for the study of multi-elementéenna  antenna diversity schemes to estimate signal fades, known t

simulations and channel estimation algorithms. significantly impact system performance.

Index Terms—28 GHz; millimeter-wave; ultrawideband; small- Today’s 3GPP, WINNER II, and COST geometry-based
scale fading; Rician fading; linear track; multipath; spatial stochastic spatial channel models (SCMs), use Rician and
autocorrelation; 5G. Rayleigh distributions to recreate the small-scale fadiiagis-

tics of path amplitudes in LOS and NLOS channels, re-
spectively [15]-4[18]. These SCMs were developed based on
1 - 6 GHz RF propagation measurements, with up to 100
Millimeter-waves (mmWave) presently constitute a keyMHz RF bandwidth, that provided empirical evidence for
enabling technology that will deliver multi-gigabits pecend Rayleigh-distributed path amplitudes [19] in NLOS indoor
data rates for backhaul and mobile applicatiohs [L], [2§hannels. In the 3GPP SCM framework, a propagation path
Many recent propagation measurements have demonstrdaseéssigned small-scale parameters, such as path delays and
the viability of mmWave communications in both indoopowers, generated from measurement-based statistidal dis
and outdoor urban environments with the use of high-gaitions. Each path is then further subdivided into 20 equal
directional and steerable horn antenrids [3]-[6], necedsar power subpaths, whose angle of departures (AOD) and angle
overcome the magnitude increase in free space path loss d¥egrrivals (AOA) are slightly offset from the small-scale
conventional Ultra-High Frequency (UHF) and Microwav@ath AOD and AOA. Small-scale spatial fading is synthesized
frequency bands, with little impact from rain or atmospberiby adding the 20 subpath (voltage) amplitudes, each subject
attenuations over a few hundred metérs [1]. The measuremignDoppler frequency shifts [15]. Small-scale spatial efen
data contributed to omnidirectional and directional disex Mmodels are essential for developing channel estimatioo-alg
dependent large-scale path loss [4] and statistical chanfithms of Doppler frequencies, path gains, and path del&ys o
impulse response models| [5]-[8]. Preliminary multipledh multipath components when evaluating modulation and a@pdin
multiple-output (MIMO) simulations using a measuremenschemes.
based mmWave statistical spatial channel model (SSCM) [9]In this paper, the statistics of mmWave outdoor small-scale
were carried out showing a large increase in wireless systéading are obtained from 28 GHz measurements over a local
area using a broadband sliding correlator channel sounder
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and cross-polarization scenarios. These models may ea:

be implemented in channel emulators that recreate chan TTrue North
impulse responses and realistic narrowband fading anaglitu

envelopes for short, sub-wavelength distances in mugtineht

antenna simulation$ [20]=[23].

[I. 28 GHz SMALL -SCALE FADING MEASUREMENTS SS1 4%'

The 28 GHz street-canyon small-scale fading measureme
were performed on the NYU Brooklyn campus, using a 40
megachips-per-second broadband sliding correlator @tan SS 2 X
sounder, whose superheterodyne architecture is outlm[zg.i
The transmitter (TX) and receiver (RX) each used 15 dE
(28.8 and 30 half-power beamwidths in azimuth and ele:
vation, respectively) directional horn antennas, withatises
from the TX antenna to center of the RX local area rangir Orthogonal to LOS
from 8 m to 12.9 m, with maximum TX power of 27 dBm. SS3 x
The largest measurable path loss was approximately 157 ¢
with a 2.5 ns multipath time resolution (800 MHz RF null-to- SS 4 x 6m
null bandwidth). Directional antennas were utilized to éatw I |

future mmWave systems that will consider electricallyestel
Egg. 1: Map of NYU Brooklyn campus, where the 28 GHz small-

To SS2 Diffraction
Edge

STl & Transmitter (4m)

Parallel to LOS

multl-element antenna ar_rays and beamforming algorittons cale fading outdoor measurements were conducted in at stree
enable high antenna gains at the TX and RX. The modelgnyon scenario, with one TX location (BRI), and four RX lbeas.
presented herein are valid after beam searching is pertbrniehe black arrows originating from the TX show the azimuth AOD
while the mobile device is in motion. used for each RX local area, while the orthogonal arrowsesprt

The ultrawideband measurements investigated spatial af§ two axes of a cross over which a power measurement was made
temporal fading and autocorrelations of the received iailli every 5.35 mm to simulate a virtual array of directional antes.
signal amplitudes over a local area for vertical-to-veutic
(V-V) and vertical-to-horizontal (V-H) antenna polarizat
scenarios. One TX location, Bridge (BRI), and four R>
locations were selected to conduct the measurements in L(
NLOS, and a transitional LOS-to-NLOS environment to gai
insight into the statistics of multipath component amplés
in realistic mobile environments, as depicted in Eig. 1. adte
location, the RX antenna was moved over a stationary 35.¢
cm spatial linear track (33 wavelengths) in steps)\g2 =
5.35 mm, and for each track position a power delay profi
(PDP) measurement was acquired. Each PDP capture was/
average of 20 consecutive PDPs, with a total PDP capture ti 1
of 818.8 ms.

The TX and RX antennas remained fixed in azimuth and 4
evation during the measurement captures, and were pasitio
4 m and 1.4 m above ground level, respectively, well belo
surrounding rooftop heights of approximately 40 m. In totai=
66 P_DPS were acquwed_ over one track length measuremeﬂb_ 2: The small-scale linear track used to study smallessignal
The linear track was positioned such that the RX antennaicouhging over fractions of wavelengths.
be spatially incremented towards the TX antenna, and ltera
from left to right of the static TX beam, so as to capturing wave at the receiver is described by a complex (voltage)
the channel fading over two orthogonal receiver directi@ss path amplitude, a delay, an azimuth and elevation AOD, and
illustrated with arrows in Fid.]1. The spatial track laidiezly an azimuth and elevation AOA. The double-directional time-
within the 3-dB beamwidth of the TX antenna for the two LOSnvariant complex baseband channel impulse response (CIR)
locations to minimize the effects of antenna beamwidthsth%omm(m (_9)7 3) can be expressed &s [7],[24],
removing the need to de-embed the antenna patterns from the N
measurements. Figl 2 shows a photo of the linear track used hommi(t, 67 3) _ Zakejeka(t )

e

during the measurements.

= (1)
— —
[1l. CHANNEL IMPULSE RESPONSEM ODEL ' 5(8 - ©y)- 5(3 — @)

The propagation channel is commonly described by theéhereay, 0, andr;, are the amplitudwhase, and propagation
superposition of multiple traveling waves, where each ingpi delay of thek™ multipath componen®;, = (6rx, ¢rx) and



3, — (Orx,Prx) are the vectors of azimuth and elevatiol BRISS 1, LOS V-V, T-R Sep: 8.0 m
AOD and AOA of the k™" multipath component}N is the
total number of resolvable multipath components, afdis
the Dirac delta function. Thus, each multipath tap in the te
delay line model shown in[{1) has seven associated mul
path parametﬂ§. Mea_syrement-based statistical distnitsu
for |ax|?, 7, ©) and ®; in (@) have been extracted from
28 GHz ultrawideband propagation measurements using !
time cluster - spatial lobe (TCSL) clustering approach][8], and
the phased®; can be assumed independently and identical |
distributed uniformly between O aritk. w"ﬁ""""“‘
While (@) applies for an omnidirectional transmitter ant -75.1',_,,_,‘"“"‘ :
receiver, it must be modified to reflect directional bear
positioning during a real-time mmWave base-to-mobile con
munication link, similar to the measurements presented.he
The directional CIRhg;,(t), with fixed TX and RX antenna

beam pointing directions, and for arbitrary TX and RX antennFig. 3: 28 GHz small-fading PDP track measurements obtaated
patterns, can be expressed @s [7], half-wavelength increments with a pair of 15 (.JlBI gain dlrgual

horn antennas in LOS for a V-V antenna polarization configoma
over a 33-wavelength linear track.
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hai(t,©0,%0) = 3 are?o(t — 71

k=1 NN N 2 BRI SS 4, NLOS V-V, T-R Sep: 12.9 m
-97x (@9 — Of) - grx (o — By)

where ((35,5_0)) are the fixed TX and RX beam pointing
angles during the measuremenid, is the total number of 50+
resolvable multipath components for ti®,, $,) pointing
direction (corresponding to a subset of the total numier
multipath components for omnidirec_tional transmissiond a
receptions from [{1)[125]), andrx(®) and ng(g) are
the 3-dimensional (3-D) (azimuth and elevation) TX an
RX complex amplitude antenna patterns of arbitrary mult
element antenna arrays. Here, using directional horn aatgn -80
10 - log(|grx (0,0)[*) = 10 - log10(|grx (0,0)[*) = 15 dBi. 0
The statistics of the path gain amplitudesare studied for

sub-wavelength receiver motion in a realistic future mmgvay
scenario, where the base station and mobile terminal ¢
capable of beamforming in very narrow azimuth and elevatiogiy, 4: 28 GHz small-fading PDP track measurements obtaitied
pointing directions, as shown ifl(2). half-wavelength increments with a pair of 15 dBi gain direcal

horn antennas in NLOS for a V-V antenna polarization conégan
over a 33-wavelength linear track.
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A. Measured Power Impulse Reponses

Figs.[3 and ¥ present two 3-D plots of small-scale LOS
and NLOS PDP track measurements obtained over the 3gding. However, the second and third multipath component
wavelength track distance at SS 1 and SS 4, respectivelpplitudes, at 27 ns and 47 ns, respectively, fluctuated more
where the RX antenna was incremented over the local arggnificantly over the track length, resulting from the cree
towards the base station in a V-V antenna polarization cogum of different multipath components arriving within the
figuration (refer to map in Fid.11). In Figl 3, the TX and RXsystem pulse time resolution.
antennas were aligned on boresight, with a°-IX downtilt
and +19° RX uptilt with respect to horizon. The individual ) ) )
multipath power amplitudes are relatively constant aldng t B Analysis of Small-Scale Fading of Path Amplitudes
spatial dimension. Small-scale spatial fading describes the random fluctngtio
In Fig. 4, the TX antenna was downtilted by13° and of amplitudes of individual multipath components, as a rfebi
pointed towards the edge of the building corner (refer to magavels over a few wavelengths and experiences consteuctiv
in Fig. [), while the RX antenna was pointing towards thimterference from signals arriving within the measurement
building edge corner, with 8° uptilt. Three strong multipath system resolutiori [26].
components were detected, where the first path propagate@he small-scale spatial fading distributions were obtdine
via diffraction around the building corner, exhibiting dina for all individual multipath components over the local gren
amplitude fluctuations over the local area, indicatingélitt discretizing the excess delay axis into bins, equal in tirfddhw



to the transmitted pulse resolution, e.g., 2.5 ns. For angive 28 GHz Small-Scale Fading, V-V ari°

delay bin, the individual multipath powefsay|?}5=$%, whose ] i SN

powers were greater than the noise floor, were normalized by  *°[| - - _Rician K = [5-15] dB
the mean (over the spatial dimension) bin powey? (in the
linear scale). Under the assumption that small-scale ¢aiin
delay independenti [27], the small-scale fading values bf al
resolvable paths at all delays were grouped into one dataset ,V;
Amplitude distributions about the local mean were extrdcte <
over the two orthogonal measured directions for the NLOS £
location (SS 4), the LOS-to-NLOS location (SS 3), and from %
the two LOS measured locations (SS 1 and SS 2). These were§
compared to a Rayleigh, Rician, and lognormal distribution & oA o LOS
The Rayleigh distribution characterizes a scenario wheneym % NLOS
arriving multipath components have comparable delays and ; ;

i i il i i ; -40 -30 -20 -10 0 10
E\;n[)zllftil]Jdes, and its probability density function (PDF) rgem Signal Level [dB about mean]

——Rayleigh [
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px(z) = ie*rz/%i (3) Fig. 5: CDFs qf the 2.8 GHz small-scale fading of individugtrpa
2 (voltage) amplitudes in LOS and NLOS, for the co-polarized V

g,
. n . .V scenario. Rayleigh and Rician distributions are alsotptbtfor
wherea,, is the standard deviation of the scattered multipatarious values ofic-factors ranging from 5 dB to 15 dB, in 1 dB

amplitudes. A Rician distribution indicates the present@ o increments.
specular dominant component in the channel over other very

weak paths, and its PDF is expressed as, 28 GHz Small-Scale Fading, V-H Scenario
G —
x —=2+a? Ay 00 ——Rayleigh | o
px(z) = oz¢ IO(U—%) (4) o |- - -Rician K = [3-7] dB ,
B 20f e &
A? v 10} y
R x
202 ®) Il
\'
where I() is the modified Bessel function of the first kind g
and zero orderA is the amplitude of the dominant path, and > 4| 7dB
o, is the standard deviation of all other weak path amplitudes.’Z | K=3dB
The PDF of a lognormal distribution is given Hy (6), 3
o
1 ) . S
px(z) = o~ (logz—7)?/207 (6) & oa} o LOS
2wox x NLOS
whereZ and o are the mean and standard deviation, respec-  _ g Z30 ® 10 0 10
tively. Signal Level [dB about mean]

The empirical cumulative distribution functions (CDFS)Fig. 6: CDFs of 28 GHz small-scale fading of individual path

for [ay |_2/|(l_i| in V-V co-polarized and V-H Cross-polarized_ (voltage) amplitudes in LOS and NLOS, for the cross-pokati¥/-
scenarios in LOS, NLOS, and LOS-to-NLOS are shown i scenario. Rayleigh and Rician distributions are alsot@tbffor

Figs.[5,[6, andJ7 with the CDF of a Rayleigh distribution, andarious values ofK -factors ranging from 3 dB to 7 dB, in 1 dB

Rician distributions plotted for various values Af-factors in 'ncrements.

increments of 1 dB. The Rician distribution provided thetbes

fit to the data, over the Rayleigh and lognormal distribution . . .

For the V-V co-polarized data (Fi@l 5), the curves are bodndéesomtlon'_ Tablel| summarizes the ranges of Rl_cﬂécrﬁactors

by two Rician distributions withK -factors of 9 dB and 15 as a_functlon of polarization scenarios and environmerggyp

dB in LOS, and 5 dB and 8 dB in NLOS. For the -HOPtained from the 28 GHz measurements.

cross-polarized data (Figl 6), both the LOS and NLOS CDFs

are bounded by two Rician distributions wifki-factors of 3 C. Spatial Autocorrelation of Individual Multipath Amplitudes

dB and 7 dB. Similarly, in the LOS-to-NLOS scenario, the The spatial autocorrelation indicates the level of sintyar

empirical CDFs lie between two Rician distributions, whos@ multipath signal amplitudes over fractions of waveldrsgt

K-factors are 4 dB and 6 dB in the V-V scenario, and 6 dBnd has been used to recreate realistic spatial correfation

and 10 dB in the cross-polarized V-H scenario. in multi-element antenna simulations for mmWave system
Note that the Rayleigh distribution underestimates thdesign [23]. The average spatial autocorrelation coeffisie

measurement data, indicating that for large enough signe¢ére computed from{8) for the LOS, NLOS, and LOS-to-

bandwidth (here 800 MHz RF null-to-null), the measuremeMLOS environments in both co- and cross-polarized antenna

system is able to resolve individual, or the coherent sum obnfigurations, where E[] is the average over RX location

just a few, multipath components arriving within the patland environment (i.e., two orthogonal measured directfons



28 GHz Small Scale Fadlng, LOS—to—NLOS Scenario
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Fig. 7: CDFs of 28 GHz small-scale fading of individual path Physical Separation [# of Wavelengths]

(voltage) amplitudes in a transitional LOS-to-NLOS scéxan co-

and cross-polarization scenarios. Rayleigh and Riciatiibligions ~ Fig. 8: 28 GHz empirical spatial autocorrelation functidrttee RX

are plotted for various values @€ -factors ranging from 4 dB to 11 for the LOS V-V scenario, averaged over all possible excetayd

dB, in 1 dB increments. bins. The model[{7) is shown, where the model parameters (A, B
C) were obtained using the MMSE method.

TABLE I: Summary of K-factors for the Rician distributions, that
describe the path (voltage) gaing in (), obtained from 28 GHz
directional small-scale fading measurements over a loczd @
different environments, for V-V and V-H polarization configtions.

Environment | Ky [dB] | Ky [dB] 28 GHz Average Spatlal Correlatlon V-V, NLOS
1 ‘ —
LOS 9-15 3-7 - —e—Avg Measured Spatlal Correlation
NLOS 5.8 3-7 § o8l —— Exponential Model |
LOS-to-NLOS |  4-7 6 - 10 £
g os6f 1
o
o . . . . g 0.4 : 4
specified environment)) X is the physical separation between =
two adjacent track positions, and is equal to integer mielth ° Ll ]h‘ |
% =5.35 mm, A (Tk, X;) is the multipath amplitude power g ’
at track positionl and at bin delayk’. Fig.[8 and Fig[® show o of |
typical measured average spatial autocorrelation funstiaf o
individual multipath amplitudes at the RX in LOS and NLOS s -02f : &
environments for the V-V co-polarized scenario, averages o
all possible excess delay bins. The empirical curves were fit -04—; P 10 15 2 % 20
to an exponential model of the form [14], Physical Separation [# of Wavelengths]
f(AX) = Ae BAX _ (¢ (7) Fig. 9: 28 GHz empirical spatial autocorrelation functidrtree RX

] _ for the NLOS V-V scenario, averaged over all possible excetasy
where A, B, andC are constants that were determined usingins. The model[{7) is shown, where the model parameters (A, B

the minimum mean square error (MMSE) method, by miniC) were obtained using the MMSE method.
mizing the error between the empirical curve and theorktica

exponential model shown (7). In Figl 8 and Figd. 9, the

constants were determined to He= 0.99, B = 2.05, C' = 0,
and A = 0.9, B = 1.05, C = —0.1, respectively. Tabl&]ll
summarizes the model coefficients as a function of polacat
and environment type.

TABLE II: Summary of model parameters (A, B, C) il (7) obtaine
using the MMSE method, to estimate the empirical spatiabert
relation functions.

IV. CONCLUSION (A, B, C) V-V V-H
This paper presented 28 GHz ultrawideband outdoor small- LOS (0.99, 2.05, 0) | (1.0, 0.9, 0.05)
scale fading measurements performed in LOS and NLOS en- NLOS (0.9, 1.05,-0.1)| (1.0,1.9,0)
vironments over a local area. The voltage path gain amgitud LOS-to-NLOS | (0.9, 1.9, -0.3) | (0.9, 1.05, 0)

under narrow TX and RX beam pointing positioning, was
shown to be best characterized by a Rician distributionh wit




p(IAX) =

E[(Ak(Tk, X)) — Ax(Tk, X)) (Ax (Tk, Xi + iAX) — Ak (Tk, X; + iAX))]

i=0,1,2,... (8)

E|(Aw (T, X1) — AK(TK,XI))Q] E[(AK(TK,XI +iAX) — Ag (T, X; +iAX))”

K-factors ranging from 9 - 15 dB and 5 - 8 dB in LOS14] P. Karttunen, K. Kalliola, T. Laakso, and P. Vainikané&Measurement
and NLOS V-V scenarios, respectively, and 3 - 7 dB in both
LOS and NLOS V-H scenarios. For very wideband mmWave
channels, the presented data indicates that path ampiture]

are no longer Rayleigh-distributed in NLOS environments,
suggesting that individual, or the coherent sum of just [a

16]

few, multipath components are sufficiently resolved by the
measurement system. Average spatial autocorrelatiotifunsc [17]
of individual multipath components were computed, showing
that signals typically reach zero correlation after 2 and 5
wavelengths in LOS and NLOS environments, respectively8!
With the provided models, the small-scale fading stasstt
wideband multipath amplitudes can be simulated over a local
area in the study of multi-element antenna diversity sctsemé®l
for next generation mmWave systems, such as_in [23].
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