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Mobile Traffic Growth 
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Source: Ericsson Traffic Measurements (Q4 2015)  

Excludes DVB-H, WiFi, or Mobile WiMax, VoIP is included in data 

traffic 

Ericsson: 45%+ CAGR 

Source: Intel, Sept. 2013 

More ñRealisticò Models 
Å New Users Are Not ñPower Usersò  

Å Modified Rate Plans 

Å Innovation Bursts  

 



Wireless Data Rates per Generation 
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Plot of generational data rates for 3G, 4G, and 5G networks.  

Millimeter Wave spectrum is needed to meet 5G demand . 
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Wireless Carrier Frequencies Have Not Kept Pace 
Mooreôs Law in the Past 40 Years 
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 1976 2016 Increase 

Personal Computer 

Clock Speed 

1 MHz 5 GHz 5,000x 

Personal Computer 

Memory Size 

256 KB 500 GB 2,000,000x 

Cellular Phone 

Carrier Frequency 

850 MHz 2.5 GHz 3x 
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Spectrum Explosion: Wireless Renaissance 
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Research 

T. S. Rappaport, et. al., Millimeter Wave 

Wireless Communications, 

Pearson/Prentice Hall, c. 2015 

Shaded Areas = 

Equivalent Spectrum! 

© 2016 T.S. RAPPAPORT 



mmWave Wavelength Visualization ï 60 GHz 
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5 millimeters 

16 antennas 

 

Integrated 

Circuit 

Source: F. Gutierrez, S. Agarwal, K. Parrish, and T.S. Rappaport, ñOn-Chip Integrated Antenna 

Structures in CMOS for 60 GHz WPAN Systems,ò IEEE Journal on Selected Areas in 

Communications, vol. 27, no. 8, October 2009, pp. 1367 ï 1377.  
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Key Challenges: Range/Capacity/Cost 
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Friisô Law:   
ÅFree-space channel gain θ ɚ2,  but antenna gains θ 1/ ɚ2  
ÅUpshot: For fixed physical size antennas in free space, frequency does not matter! 
ÅPath loss can be overcome with antenna beamforming, independent of frequency! 

 

Shadowing:  Significant transmission losses will occur: 
ÅBrick, concrete > 35 dB 
ÅHuman body:  Up to 35 dB 
ÅBut channel is rich in scattering and reflection, even from people! Enabler! 

 

Millimeter wave works!  NLOS propagation uses reflections and scattering 
Å Rappaport, et. al, ñMillimeter wave mobile communications for 5G cellular: It will work!ò IEEE Access, May 2013  
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Exploding the Myths of Millimeter Waves 

Å60 GHz, 183 GHz, 325 

GHz, and 380 GHz for 

short-range apps. 

 

ÅOther frequencies 

have little air loss 

compared to < 6 GHz 

 

ÅWorldwide agreement 

on 60 GHz! WRC19? 
                   T. S. Rappaport,  et. al., Millimeter Wave Wireless Communications, Prentice-Hall c. 2015. 
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Accurate path loss models needed 

Å FCC 16-89 offers up to 28 GHz of new spectrum 

Å Urban mobile, and Urban/Rural backhaul 

becomes interesting with multi-GHz bandwidth 

spectrum (data access and fiber replacement) 

ÅWeather and rain pose issues, but antenna 

gains and power can overcome 

Å mmWave is the first mobile spectrum where 

adaptive antenna gains will overcome weather 
 

Heavy Rainfall @ 28 GHz 

6 dB attenuation @ 1km 

T. S. Rappaport et al. Millimeter Wave Mobile Communications for 5G Cellular: It 

Will  Work! IEEE Access, vol. 1, pp. 335ï349, May 2013. 

 

Federal Communications Commission, ñSpectrum Frontiers R&O 

and FNPRM: FCC16-89,ò July. 2016. [Online]. Available: https: 

//apps.fcc.gov/edocs public/attachmatch/FCC-16-89A1 Rcd.pdf 



NYU WIRELESS: Where it all started 
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28 GHz Measurements in 2012  
Dense Urban NYC Environments 

11 

Å 4 TX sites  

Å33 RX sites  

 

ÅPedestrian and vehicular 

traffic 

ÅHigh-rise buildings, trees, 

shrubs 

 

ÅTX sites: 

ÅTX-COL1 ï 7 m  

ÅTX-COL2 ï 7 m 

ÅTX-KAU ï 17 m 

ÅTX-ROG ï 40 m 

 

ÅRX sites: 

ÅRandomly selected near 

AC outlets 

ÅLocated outdoors in 

walkways 
Rappaport, T.S.; Shu Sun; Mayzus, R.; Hang Zhao; Azar, Y.; Wang, K.; Wong, G.N.; 

Schulz, J.K.; Samimi, M.; Gutierrez, F., "Millimeter Wave Mobile Communications 

for 5G Cellular: It Will Work!," IEEE Access, no. 1, pp.335-349, May 2013. 
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28 GHz Channel Sounder 
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                   TX Hardware 

                                RX Hardware 

Y. Azar, G. N. Wong, K. Wang, R. Mayzus,  J. K. 

Schulz, H. Zhao, F. Gutierrez, D. Hwang, T. S. 

Rappaport, ñ28 GHz Propagation Measurements for 

Outdoor Cellular Communications Using Steerable Beam 

Antennas in New York City,ò 2013 IEEE International 

Conference on Communications (ICC), June 9-13, 2013. 

T.S. Rappaport,et. al.,òWideband Millimeter Wave 

Propagation Measurements and Channel Models for 

Future Wireless Communication System Design, IEEE 

Trans. Comm., Vol. 63, No. 9. Sept. 2015. 
 
G.MacCartney, et. al., ñIndoor Office Wideband 

Millimeter Wave Propagation Measurements and Channel 

Models at 28 and 73 GHz for ultra-dense 5G Wireless 

networks,ò IEEE Access, Vol. 3. November 2015. 
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73 GHz Channel Sounder 
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                                             TX Hardware 

 

                   RX Hardware 

 

T.S. Rappaport,et. al.,òWideband Millimeter Wave Propagation Measurements and Channel Models for 

Future Wireless Communication System Design, IEEE Trans. Comm., Vol. 63, No. 9. Sept. 2015. 

 

G.MacCartney, et. al., ñIndoor Office Wideband Millimeter Wave Propagation Measurements and Channel 

Models at 28 and 73 GHz for ultra-dense 5G Wireless networks,ò IEEE Access, Vol. 3. November 2015. 
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Measurements show Millimeter Wave is Revolutionary! 
Highly directional, only major signal loss is in the ñfirst meterò of propagation  
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Signals arrive within 2 to 5 ñlobesò in NYC over 

many azimuth angles in Non Line of Sight (NLOS) 

Rappaport, T.S.; Shu Sun; Mayzus, R.; Hang Zhao; Azar, Y.; Wang, K.; Wong, G.N.; 

Schulz, J.K.; Samimi, M.; Gutierrez, F., "Millimeter Wave Mobile Communications 

for 5G Cellular: It Will Work!," Access, IEEE , vol.1, no., pp.335,349, 2013 
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