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s the wireless industry prepares for 
the impending fi fth-generation (5G) 
wireless technology to meet the pro-
jected 1,000 � growth in user de-
mand in the coming decade, there is 

a need for accurate and comprehensive chan-
nel models at millimeter wave frequencies.1,2,4,5 
Unlike previous generations of cellular tech-
nology, 5G will likely make use of the millime-
ter wave spectrum while also using existing 
UHF/microwave frequencies.

Millimeter wave frequencies (30 to 300 
GHz) show great promise for the future of 
wireless communications because of the large 
raw available, unused bandwidth. In particu-
lar, over 14 GHz of available spectrum exists 
in the 28, 38/39, and 73 GHz bands, making 

these bands excellent candidates for new mo-
bile spectrum that will increase capacity by 
several orders of magnitude over today’s cellu-
lar and Wi-Fi allocations.2,5 Recent advances in 
integrated circuit and antenna technology have 
made it possible to inexpensively and reliably 
manufacture wireless devices that operate at 
millimeter wave frequencies.1,4,15,32

Millimeter wave frequencies have not been 
widely used for personal communications to 
date because of a lack of available electronic 
components and a common belief that rain 
and atmospheric attenuation are too high for 
mobile access communications at these high 
frequencies. However, in reality the additional 
attenuation at millimeter wave frequencies 
will be negligible for coverage distances on the 
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order of several hundred meters.5-7

Urban cellular deployments already 
use smaller cell sizes to meet grow-
ing capacity demands, thus millimeter 
wave cells will have similar density to 
deployments in use in today’s urban 
areas.6

The uncharted millimeter wave 
spectrum requires carefully planned 
measurements in order to develop 
channel models to support equip-
ment design and the standardization 
process of the air interface. Since 
2012, the NYU WIRELESS research 
center has performed measurements 
at 28 and 73 GHz in New York City. 
These measurements have been used 
to develop channel models that are 
being used by researchers throughout 
industry and academia.4-14,27,28 Ear-
lier measurements in Austin, Texas 
during the summer of 2011 explored 
the 38 and 60 GHz bands, using a 
400 and 750 Megachips-per-second 
(Mcps) spread spectrum binary phase 
shift keying (BPSK) channel sounder, 
very similar to the channel sounder 
used for the New York City measure-
ments.20,26,29,30,31

MEASUREMENT APPROACH AND 
TEST SYSTEM

To conduct wideband millimeter 
wave channel measurements with 
angle of arrival and departure infor-
mation, as well as high resolution 
multipath and received power, NYU 
WIRELESS makes use of a custom-
built BPSK sliding correlator channel 
sounder. Unlike systems using vector 
network analyzers, there is no need 
for phasing cables between the trans-
mitter (Tx) and receiver (Rx). Without 
the need for connecting the Tx and 
Rx, separation distances can be mea-
sured up to hundreds of meters in 
non-line-of-sight (NLOS) conditions. 
The system triggers from the stron-
gest arriving multipath energy and is 
being upgraded with GPS-controlled 
cesium-standard clocks for absolute 
timing measurements.

The use of sliding correlation al-
lows the channel sounder to measure 
over very large bandwidths.3,25 Trans-
mission begins with the generation of 
a baseband pseudorandom noise (PN) 
signal. The PN sequence is created by 
an 11-bit linear feedback shift register 
(LFSR), yielding a PN sequence with 
a length of 211-1 = 2047.

At the receiver, the signal is de-

modulated into its baseband in-phase 
(I) and quadrature (Q) components. 
These signals are then cross-corre-
lated with a PN sequence identical to 
the Tx. The PN sequence at the Rx, 
however, is generated at a chip rate 
slightly offset from the Tx chip rate. 
For the outdoor New York City mea-
surements, the Tx transmits at 400 
Mcps and the Rx chip rate is 399.95 
Mcps. The offset in chip rates gives 
rise to the slide factor, �, which is cal-
culated as:

γ =
−
f

f f
c

c c
'

where fc and fc
'
 are the Tx and Rx chip 

rates, respectively.3,16

Due to the autocorrelation proper-
ties of PN sequences, the cross-cor-
relation will be orders of magnitude 
larger when the two sequences are 
aligned than when not. These corre-
lations can be performed separately 
but concurrently for the I and Q com-
ponents, yielding two signals I(τ) and 
Q(τ).17 The correlation peaks that oc-
cur when the sequences are aligned 
can be sampled and used to recover 
the channel’s power delay profi le 
(PDP) p(τ).

( ) ( ) ( )τ = τ + τp I Q2 2

One of the most important features 
of the sliding correlator is the time di-
lation it provides. The sliding correla-
tor has the effect of compressing the 
PDP’s bandwidth drastically, equiva-
lent to the original Tx chip rate divided 
by the slide factor.3,18 For chip rates of 
400 Mcps at the Tx and 399.95 Mcps 
at the Rx, the signals I(τ) and Q(τ) will 
each have a bandwidth of only 50 kHz.

Although the sliding correlation 
process approximates the autocor-
relation of a PN sequence, there is 
still improvement to be made after 
the time-dilated PDP has been recov-
ered. The compression to a very nar-
row bandwidth offers the opportunity 
to lowpass fi lter the signal and reject 
a considerable amount of distortion 
that is present at higher frequencies.16

Once this signal has been fi ltered, the 
true un-dilated PDP can be recov-
ered.

There are several parameters that 
infl uence the performance of a slid-
ing correlator, but the dynamic range 
in particular is often the greatest 
concern when considering channel 
sounder performance.19 The theoreti-
cal dynamic range is determined from 
the length of the PN sequence, and 
is 66.2 dB for a sequence of length 
2047.19

Figure 1 shows the block diagram 
of the transmitter system for the 73 
GHz measurements. The channel 
sounding system uses QuickSyn sig-
nal generators provided by National 
Instruments (NI) for an intermedi-
ate frequency (IF) at 6.625 GHz. The 
400 Mcps baseband PN sequence, 
produced by a PN sequence genera-
tor, is fi rst mixed with the 5.625 GHz 
IF to obtain the second stage IF 
spread spectrum signal. The 22.625 
GHz LO frequency is tripled by a 
frequency multiplier to 67.875 GHz, 
which drives the mixing operation 
with the spread spectrum IF signal. 
This generates a spread spectrum RF 
signal centered at 73.5 GHz with an 
800 MHz fi rst null-to-null RF band-
width.10

 Fig. 1  Block diagram of the transmitter used to characterize the 73 GHz channel.
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28 GHz are very similar to those shown 
for 73 GHz in Figures 1 and 2.

Directional horn antennas with 
various directive gains are used to 
provide spatial discrimination similar 
to what will be used in future millime-
ter wave systems.1,15,32 By using di-
rectional antennas that can be rotated 
in the azimuth and elevation planes, 
angle of arrival (AOA) and angle of 
departure (AOD) information can 
be obtained by taking measurements 
across different AOA and AOD com-
binations.

Table 1 summarizes the specifi c 
parameters of the channel sounders 
used for each measurement campaign. 
AZ denotes azimuth, EL is elevation 
and HPBW is half-power beamwidth. 
VV indicates that the Tx and Rx horn 
antennas are both vertically polar-
ized; VH denotes that the Tx antenna 
is vertically polarized and that the Rx 
antenna is horizontally polarized.

OUTDOOR MEASUREMENT 
CAMPAIGNS

The 28 GHz outdoor propagation 
measurements were conducted at 
three transmit locations and 25 re-
ceive locations in downtown Manhat-
tan,8 shown in Figure 3. The three 
transmit locations are depicted with 
yellow stars, and the receive locations 
with green circles and purple squares. 
The green circles represent visible 
receive sites, and the purple squares 
depict receive locations blocked by 
obstructions in this view.

The 75 total Tx-Rx combinations 
comprised of Tx-Rx separation dis-
tances from 19 to 425 m. The channel 
sounder employed a 24.5 dBi gain an-
tenna (10° HPBW) at the Tx, and ei-
ther a 15 dBi (30° HPBW) or 24.5 dBi 
gain antenna (10° HPBW) at the Rx. 
The measurements were performed 
for a base station-to-mobile scenario, 
with Rx antennas at a mobile height 
of 1.5 m. Tx antennas were placed on 
relatively low rooftops, with two Tx lo-
cations 7 m above ground level (AGL) 
and one Tx location 17 m AGL. For 
each Tx-Rx location combination, 10 
sets of measurements were conducted 
for various Tx and Rx azimuth and el-
evation angle confi gurations.

In addition to the Manhattan mea-
surements, 28 GHz outdoor propa-
gation measurements were also per-
formed in downtown Brooklyn. These 
measurements were conducted for 

Figure 2
shows the block 
diagram of the 
receiver system 
for 73 GHz mea-
surements. The 
received signal is 
down-converted 
from the 73.5 
GHz RF to the 
5.625 GHz IF. 
The LO fre-
quency at 22.625 
GHz is the same 
as on the Tx side. 
The sliding pro-
cess correlates 
the 399.95 Mcps 
baseband signal 
generated by the 
Rx PN sequence 
generator and the 

baseband equivalent 
received I and Q sig-
nals from the down-
converter, resulting 
in a time-dilated 
autocorrelation with 
a bandwidth of 50 
kHz. The NI DAQ 
digitizer samples the 
time-dilated pulse 
on both the I and Q 
channels at 2 Mega-
samples-per-second 
(Msps). The Tx and 
Rx channel sounder 
block diagrams for 

 Fig. 2  Block diagram of the receiver used to characterize the 73 GHz channel.
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TABLE 1
SPECIFICATIONS FOR THE 28 AND 73 GHz CHANNEL SOUNDERS 

Carrier Frequency 28 GHz 73.5 GHz

Chip Sequence Length 211 − 1 = 2047
Chip Sequence Clock Rate (Tx) 400 MHz
Chip Sequence Clock Rate (Rx) 399.95 MHz
First Null-to-Null RF Bandwidth 800 MHz
Slide Factor 8000
Tx Antenna Gain 24.5 dBi / 15 dBi 27 dBi / 20 dBi
Tx Antenna AZ HPBW 10.9°/30° 7°/ 15°
Tx Antenna EL HPBW 8.6°/30° 7°/ 15°
Rx Antenna Gain 24.5 dBi / 15 dBi 27 dBi / 20 dBi
Rx Antenna AZ HPBW 10.9°/ 30° 7°/15°
Rx Antenna EL HPBW 8.6°/ 30° 7°/15°
Antenna Polarization VV VV/VH
Maximum Tx Power 30 dBm 14.6 dBm
Maximum Measurable Path Loss 178 dB 181 dB

 Fig. 3  28 GHz measurement sites near NYU’s Manhattan campus.
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mean square (RMS) delay spread 
characteristics.

Directional path loss values were 
obtained from individual unique 
pointing angles for all measurements. 
Directional path loss models are im-
portant,  since  5G systems will use 
narrow beam directional antennas and 
will take advantage of beamforming 
and beam combining technologies.

Close-in free space reference dis-
tance path loss at a reference distance 
d0 is expressed by the following equa-
tion:

PL d dB

PL d 10n log
d

d
X (1)0 10

0
( )

[ ]( ) =

+
⎛
⎝⎜

⎞
⎠⎟

+ σ

where n
_
 is the best fi t minimum mean 

square error (MMSE) path loss ex-
ponent (PLE), and Xσ is a zero mean 
Gaussian random variable with a stan-
dard deviation σ in dB, also known 
as the shadowing factor, caused by 
large-scale random variations in the 
channel.3 The PLE is introduced to 
describe the propagation attenuation 
caused by the channel.

Figure 6 shows outdoor direc-
tional path loss models using a 1 m 
close-in free space reference distance 
for 28 and 73 GHz. Red crosses rep-
resent the NLOS path loss value mea-
surements, blue triangles represent 
the best path loss values for a specifi c 
Tx-Rx location combination and green 
circles represent line-of-sight (LOS) 
path loss. Path loss models are simpli-
fi ed using a d0 of 1 m, as it removes 
the denominator term seen in Equa-
tion 1.

For LOS scenarios, the PLE in 
outdoor and indoor environments for 
both 28 and 73 GHz is favorable, close 
to the theoretical free space path loss 
(FSPL) of n = 2.

The NLOS measurements also in-
clude measurements at LOS environ-
ment when the TX and RX antennas 
are not directly on boresight with each 
other. For NLOS scenarios, Figure 6a 
shows a PLE of 4.5 for all locations in 
28 GHz outdoor measurements with 
24.5 dBi narrow beam co-polarized 
antennas. Figure 6b shows a PLE 
of 4.7 for 73 GHz outdoor measure-
ments, and Figure 6c shows a PLE of 
5.1 for 73 GHz indoor measurements 
with co-polarized antennas.

NLOS-best denotes the lowest 
path loss observed at a unique point-

es ranged from 30 to 
216 m.

A total of 36 
unique mobile ac-
cess and 38 backhaul 
link combinations 
were measured. Rx 
antennas at heights 
of 2 and 4.06 m were 
used to emulate base 
station-to-mobile 
links and wireless 
backhaul links, re-
spectively. For each 
Tx-Rx combination, 
up to 12 measure-
ment sweeps were 
conducted to gener-
ate omnidirectional 
path loss models.12

INDOOR 
MEASUREMENT 
CAMPAIGN

An extensive in-
door propagation 
measurement cam-
paign at 73 GHz was 
conducted for differ-
ent antenna polariza-
tions to model a typi-
cal offi ce environ-
ment. To measure 
the co- and cross-po-
larized channel char-
acteristics, a pair of 
20 dBi (15° HPBW) 
antennas was used. 
Two transmit and 
21 receive locations, 
shown in Figure 5, 

were chosen to investigate the complex 
indoor propagation channels.

The Tx-Rx separation distance 
ranged from 6 to 46 m. The Tx an-
tenna was set at a height of 2.5 m near 
the ceiling to imitate current indoor 
wireless access points; the Rx was set 
at a height of 1.5 m (similar to the 
height of a mobile phone carried by a 
person). For each Tx and Rx location 
combination, eight measurements 
with various AOD and AOA and co- 
and cross-polarization combinations 
were measured.21

MEASUREMENT RESULTS
Measurement results from the 28 

and 73 GHz outdoor and 73 GHz in-
door campaigns include directional 
path loss models, omnidirectional 
path loss models and direction root 

one Tx and 11 Rx locations, with the 
Tx-Rx separation distance ranging 
from 75 to 125 m. At three locations, 
the Rx was moved in half-wavelength 
increments on an automated 10-wave-
length long linear track. This con-
fi guration studied small-scale fading, 
which impacts MIMO performance.23

The 73 GHz outdoor propagation 
measurements were conducted in 
downtown Manhattan, at fi ve transmit 
and 27 receive locations, as shown in 
Figure 4. The fi ve transmit locations 
are denoted by yellow stars. Two were 
on the two-story rooftop of the Coles 
Recreational Center (7 m high), two 
on the second fl oor balcony of the 
Kimmel Center (7 m high), and one on 
the fi fth-story balcony of the Kaufman 
building of the Stern Business School 
(17 m high). Tx-Rx separation distanc-

 Fig. 4  73 GHz measurement sites around NYU’s Manhattan 
campus.

 Fig. 5   Locations for the 73 GHz indoor measurements.22
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surements, respectively. This improvement in PLE when 
considering the best NLOS angles is signifi cant and shows 
the advantage of using beam searching and directional an-
tennas at millimeter wave frequencies. The NLOS path 
loss experienced large attenuation per decade; however, 
the use of multiple antenna elements and beamforming 
and beam combining technologies can signifi cantly de-
crease the path loss when considering the best possible 
paths.

The results show that beam combining can signifi cantly 
reduce the propagation PLE32. PLE for certain Tx and Rx 
combinations reduces from 4.7 to 3.6 for 73 GHz outdoor 
scenarios using a 1 m free space reference distance. By 
coherently combining the four strongest signals from four 
distinct beams, compared to an arbitrarily pointed single 
beam, 28 dB of link improvement is achieved, and 10 dB of 
improvement when compared to a single optimum beam 
over a 100 m Tx-Rx separation at 73 GHz. For the 28 GHz 
outdoor measurements, the maximum possible improve-
ment reaches 24 dB. The cross polarization measurements 
also show the potential for antenna polarization diversity 
systems in indoor millimeter wave communications sys-
tems.21

OMNIDIRECTIONAL PATH LOSS
Omnidirectional path loss models are important, since 

they allow an arbitrary antenna pattern to be used in simu-
lation or analysis. The existing 3GPP WINNER II and oth-
er 3GPP-like models are omnidirectional for this reason. 
To create omnidirectional models for each Tx-Rx location 
combination, the received powers at every unique azimuth 
and elevation angle combination were summed after re-
moving antenna gains. This yields an omnidirectional re-
ceived power for each Tx-Rx location combination, used to 
compute an omnidirectional path loss model.6,14,21

Figure 7a shows the omnidirectional path loss models 
for 28 GHz outdoor LOS and NLOS measurements us-
ing a 1 m close-in reference distance. The LOS PLE of 
2.3 is very close to the theoretical FSPL and has a small 
shadowing factor of 2.6 dB. The NLOS PLE is 3.4 with a 
standard deviation of 9.1 dB.14 Figure 7b shows the omni-
directional path loss models for 73 GHz outdoor LOS and 
NLOS measurements, combining the access and backhaul 
scenarios. The LOS PLE and NLOS PLE are similar to 
the 28 GHz outdoor measurements. Figure 7c shows the 
omnidirectional path model for the 73 GHz indoor mea-
surements. The LOS PLE for VV polarization is 1.5 with 
shadowing factor of 0.8 dB. The corresponding LOS PLE 
and shadowing factor for the cross-polarized antenna are 
4.5 and 6.6 dB, respectively. The NLOS omnidirectional 
PLE and shadowing factor for co- and cross-polarized an-
tenna are 3.1 and 8.9 dB; and 5.3 and 0.69 dB, respectively.

The indoor omnidirectional co-polarized path loss re-
sults are very promising for an indoor environment, as the 
LOS PLE is lower than true free space, due to ground 
bounces and constructive interference from refl ections. 
The NLOS PLE of 3.1 is also reasonable for an indoor 
wireless network.21

RMS DELAY SPREAD
RMS delay spread is one of the most important char-

acteristics of a radio propagation channel, as it describes 

ing angle for the directional NLOS channel for each Tx-Rx 
location combination. Figure 6 shows that the NLOS-best 
PLE is 3.7 for 28 GHz outdoor and that the NLOS-best 
PLE is 3.6 and 3.3 for 73 GHz outdoor and indoor mea-

 Fig. 6   28 GHz and 73 GHz close-in free space reference distance 
directional path loss in the outdoor urban environment of New York 
City, and indoor path loss models. 28 GHz outdoor directional path 
loss models (a). 73 GHz outdoor directional path loss models, consid-
ering access and backhaul Rx heights (b). 73 GHz indoor directional 
path loss models with VV and VH antenna polarization (c). 
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bile communication systems with simple equalization, the 
ideal situation is for particular beam pointing directions to 
offer both minimal path loss and minimal multipath de-
lay spread. If the channel provides such paths, simplifi ed 
receiver structures can be based solely on beamforming 

the multipath time dispersion of the channel used to es-
timate data rate and bandwidth limitations for multipath 
channels.3,4 To build power-effi cient millimeter wave mo-

 Fig. 8  28 and 73 GHz RMS delay spread CDFs and RMS delay 
spread as function of Tx-Rx separation distance. 28 GHz outdoor 
measurements (a). 73 GHz outdoor measurements (b). 73 GHz 
indoor measurements (c).
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understanding values that may result 
when beamforming or beam search-
ing algorithms are used to systemical-
ly search for the strongest Tx and Rx 
pointing angles, to achieve the lowest 
path loss or link attenuation.

CONCLUSION
This article describes the sliding 

correlator channel sounder system and 
presents the millimeter wave propa-
gation measurements performed by 
NYU WIRELESS over the past two 
years. Results are shown for 28 GHz 
outdoor, 73 GHz outdoor base station-
to-mobile (access), 73 GHz base sta-
tion-to-base station (backhaul) and 73 
GHz indoor scenarios. The measure-
ment results include channel charac-
teristics such as directional and omni-
directional path loss models relative to 
a 1 m free space reference distance, 
and directional delay spread. 

The path loss model results ob-
tained for unique pointing angles 
show that LOS free space propagation 
in outdoor (n = 2.3) and indoor en-
vironments (n = 2.2) for the 73 GHz 
band and outdoor environments (n = 
1.9) for the 28 GHz band is favorable 
and close to the theoretical free space 
path loss (n = 2). The NLOS environ-
ment at 28 and 73 GHz experiences 
greater attenuation than the  LOS 
environment yielding n = 4.1 for the 
28 GHz outdoor directional measure-
ments n = 4.7 for the 73 GHz outdoor 
scenario, and n = 5.1 for 73 GHz in-
door measurements. However, with 
the use of multiple antenna elements, 
beamforming and beam combining 
technologies can signifi cantly de-
crease the path loss when considering 
the best possible paths (n = 3.7 for 28 
GHz outdoor, n = 3.6 for 73 GHz out-
door, and n = 3.3 for 73 GHz indoor 
co-polarization). The omnidirectional 
co-polarized path loss results are very 
promising for an indoor environment, 
as the LOS path loss exponent is 
smaller than for true free space, due 
to ground bounces and constructive 
interference from refl ections.

RMS delay spread is generally in-
versely proportional to the Tx-Rx sep-
aration distance. Understanding RMS 
delay spread in the millimeter wave 
bands is important for wireless com-
munications systems, especially where 
beam combining, beamforming and 
equalization are necessary to increase 

Table 2 summarizes Tx-Rx sepa-
ration distance, path loss, RMS delay 
spread, maximum 10 dB down excess 
delay3 and maximum 20 dB down ex-
cess delay for specifi c antenna point-
ing angles. The characteristics are pre-
sented for two case-types in the table: 
values for one particular Tx-Rx angle 
pointing orientation that provides 
the minimum RMS Delay Spread for 
that case and values for one particular 
Tx-Rx angle pointing orientation that 
results in the minimum path loss, for 
the same Tx-Rx location combination. 
The values are determined from the 
entire measurement set that provided 
the smallest directional RMS delay 
spread and path loss.21-23

A simple algorithm to fi nd the 
best beam directions will help simul-
taneously minimize both RMS delay 
spread and path loss (i.e., fi nding the 
best paths for both maximum SNR and 
very simple equalization).23 By select-
ing a beam with both low RMS delay 
spread and path loss, relatively high 
power can be received using direc-
tional antennas without complicated 
equalization, meaning that low latency 
single carrier (wideband) modulations 
may be viable candidates for future 
millimeter wave wireless systems. The 
measured values presented here are 
useful to the research community for 

and minimal equalization in the time 
domain, rather than using multi-tone, 
OFDM modulation and frequency 
domain equalization, as is done today.4

For this unique pointing angle sce-
nario, Figure 8 shows the RMS delay 
spread as a function of Tx-Rx sepa-
ration and the associated cumulative 
distribution functions (CDFs) for 28 
and 73 GHz outdoor and 73 GHz in-
door measurements. The RMS delay 
spread in the 28 GHz outdoor mea-
surements with 24.5 dBi gain narrow 
beam antennas shows that the ma-
jority of the multipath components 
arrive within about 50 ns. The RMS 
delay spread in the 73 GHz outdoor 
measurements with 27 dBi gain nar-
row beam antennas, combining back-
haul and access scenarios, shows that 
a majority of the multipath compo-
nents arrive within about 30 ns. For 
the 73 GHz indoor measurements, 
the majority of the multipath for 
co-polarized antennas arrives within 
about 35 ns, and for cross-polarized 
antennas within about 20 ns.

Generally, the RMS delay spread 
decreases as the Tx-Rx separation 
distance increases, since weaker 
components reaching the receiver at 
greater distances are not detectable 
above the receiver system’s noise 
fl oor.24

TABLE 2
SUMMARY OF MINIMUM RMS DELAY SPREAD AND LOWEST PATH LOSS RESULTS FROM  

28 GHz OUTDOOR AND 73 GHz OUTDOOR AND INDOOR MEASUREMENTS

Multipath Delay Spreads for the Directional Beams with the Minimum RMS Delay 
Spread 

Freq. Scenario Environment Tx-Rx 
Separation 

Distance (m)

Path 
Loss 
(dB)

RMS 
Delay 

Spread 
(ns)

MED 
10 dB 
(ns)

MED 
20 dB 
(ns)

28 GHz Outdoor LOS 54 119.9 0.76 4.0 4.7

NLOS 143 129.7 0.86 4.6 5.6

73 GHz Outdoor LOS 54 141.7 0.79 4.2 4.8

NLOS 181 157.3 0.79 3.2 3.3

73 GHz Indoor LOS 6 141.5 0.54 2.1 2.1

NLOS 29 86.3 0.56 1.9 1.9

Multipath Delay Spreads for the Directional Beams with the Lowest Path Loss

28 GHz Outdoor LOS 33 88.4 0.84 4.5 5

NLOS 114 126.2 165.10 7 1384.8

73 GHz Outdoor LOS 40 100.4 0.89 4.4 7.8

NLOS 118 121.2 0.97 4.6 8

73 GHz Indoor LOS 6 86.3 0.85 4.6 5.3

NLOS 10 90.7 0.80 4.4 5
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the signal-to-noise ratio (SNR) and 
improve performance for a communi-
cation system.

The data described in this article 
will allow for the development of sta-
tistical channel models for millimeter 
wave small cell wireless communica-
tions systems in dense urban environ-
ments. Statistical models in the form 
of 3GPP standards have already been 
published based on the measure-
ments described.14,27,28 Given the 
large availability of spectrum at 28 and 
73 GHz, millimeter wave bands will 
likely play a signifi cant role in the next 
generation of cellular systems and 
these measurements and models will 
be an essential tool in their design. ■
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