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Background

O The world ignored mmWave for rural macrocells and said it
wouldn’t work: We conduced measurements that show that it
does work!

d 3GPP TR 38.900 V14.2.0 and ITU-R M.2135 completed RMa path
loss models but did not verify with measurements!

1 RMa path loss models originate from measurements below 2 GHz
In downtown Tokyo!

 No extensive validation for RMa path loss in the literature!



NYU | sraaisises Motivation

Why look closer at 3GPP TR 38.900 RMa Path Loss Model?
0 We conducted one of the first studies to show mmWave RMa works
0 Are numerous correction factors actually needed?

» Determine which physical parameters are important

O Use measurements to generate empirical models that are just as accurate
but much simpler than 3GPP RMa path loss models

= Why not use similar Cl-based models that are in 3GPP TR 38.900

O Studies of mmWave for RMa are lacking / more peer-reviewed work is
necessary to see future potentials in rural settings

1 We developed new models that are simplified and just as accurate



Why do we need a rural path loss
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Q This work proves RMa works in clear weather| Heavy Rainfall @ 73 GHz
10 dB attenuation @ 1km
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Frequency (GHy)
[2] T. S. Rappaport et al. Millimeter Wave Mobile Communications for 5G Cellular: It Will Work! IEEE Access, vol. 1, pp. Heavy Rainfa” @ 28 GHz
335-349, May 2013. .
6 dB attenuation @ 1km

[36] Federal Communications Commission, “Spectrum Frontiers R&O and FNPRM: FCC16-89,” July. 2016. [Online].
Awvailable: https://apps.fcc.gov/edocs public/attachmatch/FCC-16-89A1 Red.pdf 5
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RMa Path Loss Models Adopted by \“

3GPP TR 38.900 for > 6 GHz

0 3GPP RMa LOS path loss model:
= PL, = 20log,0(40m - dsp * f-/3) + min(0.03h172,10) log,(d3p)
—min(0.044h'72,14.77) + 0.002 log,o(h) d3p ; ogr = 4 dB
* PL, = PLy(dgp) +401logyo(d3p/dpp); osp= 6dB
o dgp = 2m * hgs - hyr * fc/c
0 3GPP RMa NLOS path loss model:

= PL = max(PLrya-10s» PLRMa-NLOS)
u PLRMa—NLOS = 16104 — 71 loglo(W) + 75 loglo(h)

—(24.37 — 3.7(h/hgs)?) log1o(hgs) + (43.42 — 3.110g;0(hgs))(log,o(d3p) — 3)
+ 20 loglg(ﬁ) — (32(10g10(1175hUT))2 — 4‘97) y O = 8 dB

Adopted from ITU-R M.2135
Long & confusing equations!
Not physically based
Numerous parameters
Confirmed by mmWave data?

[9]1 3GPP, “Technical specification group radio access network; channel model for frequency spectrum above 6 GHz (Release 14),” 3™ Generation
Partnership Project (3GPP), TR 38.900 VV14.2.0, Dec. 2016. [Online]. Available: http://www.3gpp.org/DynaReport/38900.htm

[14] International Telecommunications Union, “Guidelines for evaluation of radio interface technologies for IMT-Advanced,” Geneva, Switzerland, REP.
ITU-R M.2135-1, Dec. 2009.

[35] G. R. MacCartney, Jr. and T. S. Rappaport, “Rural Macrocell Path Loss Models for Millimeter Wave Wireless Communications,” IEEE Journal on
Selected Areas in Communications, July 2017. 6
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Breakpoint Distance Concerns

e [ TE— Applicability Ranges and \“

105 RMa LOS 2D Breakpoint vs. Frequency RMa LOS Default Values Applicability Range
- 10m < dop < dpp.
E ) d_, > 10 km at 9.1 GHz dpp < dap < 10000 m,
o 10 q é hps =35m hyr = 1L5m, W =20m, h=5m
o — "BP 1
——RMa 2D distance cutoff Applicability ranges: 5 m < h <50 m; 5 m < W < 50 m;
103 : : : : 10m < hgs <150m; 1 m < hyr < 10 m
0 20 40 60 80 100

Frequency (GHz) RMa NLOS Default Values Applicability Range

RMa LOS Breakpoint Beyond 10 km (Frequency [GHz] vs. h [m]) 10m < dop <5000 m, I

hps=35m hyr =15m W =20m, h=5m

gso E:l:g:ﬁz:ﬁﬁﬁ ng:: Ligu“,:g Applicability ranges: 5 m < h <50 m; 5 m < W < 50 m;
>20 10m < hgs <150 m; | m < hyr < 10 m
c
(]
qg;m RMa LOS in TR 38.900 is undefined and reverts to a single-
e slope model for frequencies above 9.1 GHz, since the

0— : ‘ ‘ ‘ ‘ | breakpoint distance is larger than the defined distance

20 40 60 ) 3‘; : 100 120 140 range when using default model parameters! Very odd, and
m
BS

seemed to stem from UHF

[35] G. R. MacCartney, Jr. and T. S. Rappaport, “Rural Macrocell Path Loss Models for Millimeter Wave
Wireless Communications,” IEEE Journal on Selected Areas in Communications, July 2017.
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Existing 3GPP RMa Path Loss Models

O Could find only one report of measurements used to validate 3GPP’s TR
38.900 RMa model above 6 GHz; at 24 GHz but not peer reviewed, until this
paper

0 3GPP/ITU NLOS model based on 1980’s work at 813 MHz and 1433 MHz
UHF in downtown Tokyo (not rural or mmWave!) with an extension from
450 MHz to 2200 MHz

O Investigated applicability of Cl-based path loss model for RMa and
extending to 100 GHz like other 3GPP path loss models: UMa, UMi, and InH

L We carried out a rural macrocell measurement and modeling campaign
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Model Formulas

Newly Proposed RMa Path Loss

O CI Path Loss Model:
« |PLEI(£,, d)[dB] = FSPL(f., dy)[dB] + 10nlogy, (di) o
0

whered > dyanddy =1m
= 32.4 4+ 10nlog,,(d) + 20log;o(f.) + x;

3GPP RMa NLOS Path Loss Reduction vs. Base Station Height

0 CIH Path | oss Maodel for Range of TX heights

) | m==T.R: 150 M
= [PLY(f,, d, hys)[dB] = 324+ 2010gy(£,) + Bs N S
h, _ h § Ilg :T:FliZ.Snl:m
10n| 1+ byy (M) logio(d) + xg; 2 s = —e—lvz.iraln-n i
hBO @9 20 &S v
whered >=1m, and hgy, = average BS height 2 g 25 QSR s,
: _ hps—h £ 30r , , , , o = =
» Effective PLE (PLE): n - (1 + Dy (%)) " 2 o o 100

= b, is a model parameter that is an optimized weighting
factor that scales the parameter n as a function of the base
station height relative to the average base station height hg,.

[35] G. R. MacCartney, Jr. and T. S. Rappaport, “Rural Macrocell Path Loss Models for Millimeter Wave
Wireless Communications,” IEEE Journal on Selected Areas in Communications, July 2017.

Base Station Height - h BS (m)

1
120 /

Path loss reduced by 26 dB and 32
dB for T-R separation distances of
150 m and 5 km, respectively, w.r.t.
to 10 m base station heights




Finding Equivalent but Simpler RMa Path
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Re-create 3GPP/ITU path loss models with Monte Carlo simulations and derive a much
simpler path loss model for frequencies from 0.5 GHz to 100 GHz

Monte Carlo simulation #1 with default parameters: 500,000 million random samples
Monte Carlo simulation #2 varying base station heights: 13 million random samples
d>1m; hgp=35m

Loss Models as Options for ITU / 3GPP RMa

a
Q
Q

Comparable standard

CI-3GPP _ : _
PLios (fe, d)[dB] = 32.4 + 23.1log;0(d) + 20logyo(f) + X6, s; Oros = 5.9 dB deviations to 3GPP:

3GPP LOS: 4-6 dB

PL?\]IITOBSGPP(fC, d)[dB] =324 + 30410g10(d) + ZOIOglo(fc) + XO'NLOS; ONLOS = 8.2dB 3GPP NLOS: 8 dB
hgs — 35
PLCH=3GPP (£ g po)[dB] = 32.4 + 201ogo(f.) + 23.1 <1 —o0. 006( 3535 )) + Xoos; TLos = 5.6 dB
hgs — 35
PLSIH-3GPP (£ g o )[dB] = 32.4 + 20logo(f.) + 30.7 <1 — 0. 06( 3535 )) + Xonios) ONLOs = 8.7 dB

Simple form with 32.4 and 201log4¢(f;) representing FSPL at 1 m at 1 GHz.

[35] G. R. MacCartney, Jr. and T. S. Rappaport, “Rural Macrocell Path Loss Models for Millimeter Wave
Wireless Communications,” IEEE Journal on Selected Areas in Communications, July 2017.

10
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O Measurements in rural Riner, Virginia

Q 73.5 GHz narrowband CW tone, 15 kHz RX bandwidth, TX
power 14.7 dBm (29 mW) with 190 dB of dynamic range

Equivalent to a wideband channel sounder with 800 MHz of
BW and 190 dB of max measurable path loss (TX EIRP of
21.7 dBW)

14 LOS: 33 mto 10.8 km 2D T-R separation

17 NLOS: 3.4 kmto 10.6 km 2D T-R separation (5 outages)
TX antenna fixed downtilt: -2°; height of 110 m above terrain
TX and RX antennas: 27 dBi gain w/ 7° Az./El. HPBW

RX antenna: 1.6 to 2 meter height above ground

The best TX antenna Az. angle and best RX antenna Az./El.
angle were manually determined for each measurement

U

Oo0o0o000

[1] G. R. MacCartney, Jr. et al., “Millimeter wave wireless communications: New results for rural connectivity,” in
Proceedings of the 5th Workshop on All Things Cellular: Operations, Applications and Challenges: in conjunction
with MobiCom 2016, ser. ATC ’16. New York, NY, USA: ACM, Oct. 2016, pp. 31-36.

[35] G. R. MacCartney, Jr. and T. S. Rappaport, “Rural Macrocell Path Loss Models for Millimeter Wave Wireless
Communications,” IEEE Journal on Selected Areas in Communications, July 2017.

Measurements in an RMa Scenario
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NYU | Zeeniaes TX View of Horizon \“ N

View to the North
from Transmitter.

Note mountain on
left edge, and the
yard slopes up to
right, creating a
diffraction edge with
TX antenna if TX
points too far to the
right.

TX beam headings
and RX locations
were confined to the
center of the photo
to avoid both the
mountain and the
right diffraction edge
13




Bl NvU | meass Schematic of TX Location and

Surroundings

TX antenna: i . Close-up
% Placed on porch of the house ! 29 downtilt '~\,\\around the TX
% No obstructions or diffraction edges i N

< 31 m from the house (TX) to mountain edge 34 m P g S

% 2° downtilt — avoids diffraction by mountain edge 29 downtilt |
< TX about 110 m above terrain WA ¥ A LK
% Provided ~11 km measurement range; = o > | n—u/

i 31m
110m
, ¥.~300 m
3 —

11 km (not drawn to scale) | ”
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® TX Location

& LOS Scenario
g NLOS Scenario

RN ; L 9 \/TX Azimuth Angle
®/R>;§219 RX/20) of View (+/- 10° of

\ / 149 : North) to avoid
R“‘éxas r:s ! diffraction from
mountain on left

and yard slope
on right

TX Location Q
RAO "



Ll NYU i RX 15 LOS Location: 3.44 km \“ ML
L

LOS with one tree blocking




TX location at house — LOS location
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73 GHz Rural Macrocell (RMa) Path Loss vs.

T-R Separation Distance (dn =1m)

73 GHz RMa Path Loss Data and Models
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73 GHz Rural Macrocell (RMa) Path Loss vs.

T-R Separation Distance (dn =1m)

T
L ' | | |m— Free S Path L i
190 [ [ Free Space Path Loss x X 190 le] Lx pfa::taa os x -
O LOS PL Data % x X NLOS PL Data % _-"
® NLOS PL Data X ‘a; ¢ Partial Diffraction LOS PL Data % - -
N N . x *® = =CILOS:n=2.16 7 =1.7dB -
170 { Partial Diffraction LOS PL Data Ve * - =i NLOS: n=2.78 o = 6.7 dB _x= «
— = =CILOS:n=2.16¢=1.7dB “x X X o
% = =CINLOS:n=2.75+=6.7dB T 170
@ 150 §
=] -l
e S
1301 5
o 150
110
90 L L L 130 3 — 4

T-R Distance (m)
Diamonds are LOS locations with partial diffraction from

TX azimuth departure angle from close-in mountain edge
G.R. C . etal., “Milli irel ications: ts f . . . .
[1] G. R. MacCartney, Jr. et al., “Millimeter wave wireless communications: New results for on the r|ght, CaUS|ng dlffraCtlon |OSS on tOp Of free Space

rural connectivity,” in Proceedings of the 5th Workshop on All Things Cellular: Operations,
Applications and Challenges: in conjunction with MobiCom 2016, ser. ATC *16. New York,
NY, USA: ACM, Oct. 2016, pp. 31-36. 18

T-R Distance (m)
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Empirical Cl and CIH Models

PL S RMac e Y [dAB] = 32.4 + 21.61og,,(d) + 2010 + s o1oc = 1.7 dB
tos (fe,d)[dB] g10(d) g10(fc) Xopos’ 9LOS d>1m; hy=35m; 10m < hgs < 150 m

PLYTEMA(f., d)[dB] = 32.4 + 27.5log,o(d) + 20 log,o(f.) + XonLos) ONLOs = 6.7 dB

hBS - 35 . _
T +XULOS’ 0L0S — 1.7 dB,

hBS - 35
35

PLEEL-RMa(e d hpo)[dB] = 32.4 + 20logo(f,) + 23.1 (1 —0.03 <

PLNGHLRMa (£ d, hp)[dB] = 32.4 + 20log,o(f.) + 30.7 (1 - 0. 049( )) + Xonios: ONLOs = 6.7 dB,

RMa Effective PLE vs. Base Station Height CIH RMa NLOS Path Loss Reduction vs. Base Station Height

.. ) — P~ e
30} —— LospLe || 8. |
- S == =NLOS PLE S o
o 28t s - — =
o Se-alL %zﬂ-w—
% 26 7 E = mmm=T-R: 150 m
L | @ -15 f [ T-R: 500 m
L 24 2 2 T-R: 1 km
17} 22} i - % === T-R: 2.5 km
. S 201 T-R: 5 km
2 1 1 1 1 1 1 1 ﬂ“_’ = A\lfg.!)f all T-R
20 40 60 80 100 120 140 R 20 60 8 00 120 140
Base Station Height (m) Base Station Height (m) 19
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O  mmWave links are possible in rural settings > 10 km

U Literature and standards show that RMa models NOT
verified for all distances/frequencies

= Based on measurements below 2 GHz in Tokyo CI and CIH RMa Path Loss Model Parameters
= LOS model breakpoint distance is undefined >9 GHz Model Data Env. | Eq. PLE o
O Clmodels resultin nearly identical accuracy, are PLios | Sim. | LOS | (9) 2.31 5.9 dB
grounded in the true physics of free space, use much = PLI oM | Meas. | LOS | (13) 2.16 1.7 dB
fewer terms (one — PLE), and are simpler to understand PLEECPP [ Sim. | NLOS | (10) 304 32 dB
Q New CIH model is accurate and stable and effectively = PLSIEM® | Meas. | NLOS | (14) 2.75 6.7 dB
scales the PLE as a function of the TX height Model Data Env. Eq. 0 bes o
U Proposal: Use empirical Cl and CIH RMa path loss models PLEMGPP | Gim, LOS | (11) | 2.31 | -0.006 | 5.6 dB
as optional for 3GPP/ITU-R (use c of 4 dB to 6 dB and 8 dB e PLERM [ Npeac | LOS | (15) | 231 | -0.03 | 1.7 dB
in LOS and NLOS, respectively) CIL3GTD .
PL{ES Sim. | NLOS | (12) | 3.07 | -0.06 | 8.7 dB
= Valid from 0.5 GHz to 100 GHz and frequency CIH-RMa ,
: : PL Meas. | NLOS 16) | 3.07 | -0.049 | 6.7 dB
independent beyond the first meter of propagation R PLies = (16)

[35] G. R. MacCartney, Jr. and T. S. Rappaport, “Rural Macrocell Path Loss Models for
Millimeter Wave Wireless Communications,” IEEE Journal on Selected Areas in
Communications, 2017, July 2017. 20



NYU

ENvuz=se NYU WIRELESS Industrial Affiliates \\‘ WIRELESS

Acknowledgement to our NYU WIRELESS Industrial Affiliates and NSF:

cme £ W (inted

-
v\:_'j at&t  Cablelabs « CASTLE

ERICSSON HUAWEI
oo avieser (B e “ NOKIA

communications

OPPO  QuAOMW  EFSIBEAM  Sprint UNIC verizon'’

21



NYU | wepusmoe References \“ E’L!Eg

[1] G. R. MacCartney, Jr. et al., “Millimeter wave wireless communications: New results for rural connectivity,” in Proceedings of the 5th Workshop on All
Things Cellular: Operations, Applications and Challenges: in conjunction with MobiCom 2016, ser. ATC ’16. New York, NY, USA: ACM, Oct. 2016, pp. 31-36.
[2] T. S. Rappaport et al., “Millimeter Wave Mobile Communications for 5G Cellular: It Will Work!” IEEE Access, vol. 1, pp. 335-349, May 2013.

[3] Z. Pi and F. Khan, “An introduction to millimeter-wave mobile broadband systems,” IEEE Communications Magazine, vol. 49, no. 6, pp. 101-107, June 2011.
[4] F. Boccardi et al., “Five disruptive technology directions for 5G,” IEEE Communications Magazine, vol. 52, no. 2, pp. 74-80, Feb. 2014.

[S] METIS, “METIS Channel Model,” METIS2020, Deliverable D1.4 v3, July 2015. [Online]. Available: https://www.metis2020.com/wp-
content/uploads/deliverablessMETIS D1.4 v1.0.pdf

[6] MiWeba, “WP5: Propagation, Antennas and Multi-Antenna Technique; D5.1: Channel Modeling and Characterization,” Tech. Rep. MiWEBA Deliverable
D5.1, June 2014. [Online]. Available: http://www.miweba.eu/wpcontent/uploads/2014/07/MiWEBA D5.1 v1.011.pdf

[7] mmMAGIC, “Measurement campaigns and initial channel models for preferred suitable frequency ranges,” H2020-ICT-671650-mmMAGIC/D2.1 v1.0, Mar.
2016. [Online]. Available: https://5g-ppp.eu/mmmagic/

[8] Aalto University, AT&T, BUPT, CMCC, Ericsson, Huawei, Intel, KT Corporation, Nokia, NTT DOCOMO, New York University, Qualcomm, Samsung,
University of Bristol, and University of Southern California, “5G channel model for bands up to 100 GHz,” 2016, Oct. 21. [Online]. Available:
http://www.5gworkshops.com/5GCM.html

[9] 3GPP, “Technical specification group radio access network; channel model for frequency spectrum above 6 GHz (Release 14),” 3rd Generation Partnership
Project (3GPP), TR 38.900 VV14.2.0, Dec. 2016. [Online]. Available: http://www.3gpp.org/DynaReport/38900.htm

[10] K. Haneda et al., “5G 3GPP-like channel models for outdoor urban microcellular and macrocellular environments,” in 2016 IEEE 83rd Vehicular Technology
Conference (VTC2016-Spring), May 2016, pp. 1-7.

[11] G. R. MacCartney, Jr. et al., “Indoor office wideband millimeter-wave propagation measurements and models at 28 GHz and 73 GHz for ultradense 5G
wireless networks (Invited Paper),” IEEE Access, pp. 2388—2424, Oct. 2015.

[12] S. Sun et al., “Investigation of prediction accuracy, sensitivity, and parameter stability of large-scale propagation path loss models for 5G wireless
communications (Invited Paper),” IEEE Transactions on Vehicular Technology, vol. 65, no. 5, pp. 2843-2860, May 2016.

[13] 3GPP, “Technical specification group radio access network; study on 3D channel model for LTE (Release 12),” 3rd Generation Partnership

Project (3GPP), TR 36.873 VV12.2.0, June 2015. [Online]. Available: http://www.3gpp.org/dynareport/36873.htm

[14] International Telecommunications Union, “Guidelines for evaluation of radio interface technologies for IMT-Advanced,” Geneva, Switzerland, REP. ITU-R
M.2135-1, Dec. 2009.

[15] T. S. Rappaport, Wireless Communications: Principles and Practice, 2nd ed. Upper Saddle River, NJ: Prentice Hall, 2002. 22



NYU | wepusmoe References \“ ER!EQ

[16] G. R. MacCartney, Jr., M. K. Samimi, and T. S. Rappaport, “Omnidirectional path loss models in New York City at 28 GHz and 73 GHz,” in IEEE 25™
International Symposium on Personal Indoor and Mobile Radio Communications (PIMRC), Sept. 2014, pp. 227-331.

[17] T. S. Rappaport et al., “Wideband millimeter-wave propagation measurements and channel models for future wireless communication system design (Invited
Paper),” IEEE Transactions on Communications, vol. 63, no. 9, pp. 3029-3056, Sept. 2015.

[18] H. T. Friis, “A note on a simple transmission formula,” Proceedings of the IRE, vol. 34, no. 5, pp. 254-256, May 1946.

[19] K. Bullington, “Radio propagation at frequencies above 30 megacycles,” Proceedings of the IRE, vol. 35, no. 10, pp. 1122-1136, Oct. 1947.

[20] International Telecommunications Union, “Proposed propagation models for evaluating radio transmission technologies in IMT-Advanced,” Document 5D/88-
E, Jan. 2008.

[21] S. Ichitsubo et al., “Multipath propagation model for line-0f-sight street microcells in urban area,” IEEE Transactions on Vehicular Technology, vol. 49, no. 2,
pp. 422—-427, Mar. 2000.

[22] IST-4-027756 WINNER II, “WINNER II channel models,” European Commission, IST-WINNER, D1.1.2 V1.2, Sept. 2007. [Online]. Available:
http://projects.celticinitiative.org/winner+/WINNER2-Deliverables/

[23] S. Sakagami and K. Kuboi, “Mobile propagation loss predictions for arbitrary urban environments,” Electronics and Communications in Japan, vol. 74, no. 10,
pp. 17-25, Jan. 1991.

[24] Y. Ohta et al., “A study on path loss prediction formula in microwave band,” IEICE Technical Report, A P2003-39, Mar. 2003.

[25] K. Kitao and S. Ichitsubo, “Path loss prediction formula in urban area for the fourth-generation mobile communication systems,” IEICE Transactions on
Communications, vol. E91-B, no. 6, pp. 1999-2009, June 2008.

[26] M. Hata, “Empirical formula for propagation loss in land mobile radio services,” IEEE Transactions on Vehicular Technology, vol. 29, no. 3, pp. 317-325, Aug.
1980.

[27] T. Fujii, “Path loss prediction formula in mobile communication — An expansion of “SAKAGAMI” path loss prediction formula,” TEICE Transactions on
Communications, vol. J86-B, no. 10, pp. 2264-2267, Oct. 2003.

[28] T. Fujii and T. Imai, “Prediction formula of path loss for wideband DS-CDMA cellular systems,” IEICE Technical Report, no. RCS97-236, 1998.

[29] H. Omote, Y. Sugita, and T. Fujii, “High accurate path loss prediction formula by using occupancy ratio for mobile radio propagation,” in 2016 10th European
Conference on Antennas and Propagation (EUCAP), Apr. 2016, pp. 1-2.

[30] 3GPP, “New measurements at 24 GHz in a rural macro environment,” Telstra, Ericsson, TDOC R1-164975, May 2016.

[31]7. B. Andersen, “History of communications/radio wave propagation from Marconi to MIMO,” TEEE Communications Magazine, vol. 55, no. 2, pp. 6-10, Feb.
2017. 23



NYU | wepusmoe References \“ Eﬂ!g

[32] J. B. Andersen, T. S. Rappaport, and S. Yoshida, “Propagation measurements and models for wireless communications channels,” IEEE Communications
Magazine, vol. 33, no. 1, pp. 42-49, Jan. 1995.

[33] J. A. Azevedo et al., “Impact of the antenna directivity on path loss for different propagation environments,” IET Microwaves, Antennas Propagation, vol. 9, no.
13, pp. 1392-1398, Oct. 2015.

[34] S. Sun, G. R. MacCartney, Jr., and T. S. Rappaport, “A novel millimeter-wave channel simulator and applications for 5G wireless communications,” in 2017
IEEE International Conference on Communications (ICC), May 2017, pp. 1-7.

[35] G. R. MacCartney, Jr. and T. S. Rappaport, “Rural Macrocell Path Loss Models for Millimeter Wave Wireless Communications,” IEEE Journal on Selected
Areas in Communications, 2017, July 2017.

[36] N. Corasaniti, “In New York, Bringing Broadband to Everyone by 2018,” New York Times, Mar. 20, 2017. [Online]. Available:
https://www.nytimes.com/2017/03/20/nyregion/new-york-broadband-cuomo-internet.html

[37] Federal Communications Commission, “Spectrum Frontiers R&O and FNPRM: FCC16-89,” July. 2016. [Online]. Available: https://apps.fcc.gov/edocs
public/attachmatch/FCC-16-89A1 Rcd.pdf

24



Thank You! \We Yy

Questions

25



