NEW AMERICA FOUNDATION

WORKING PAPER ol

WIRELESS FUTURE PROGRAM

Working Paper #16 January 2007

White Spaces Engineering Study:
CAN COGNITIVE RADIO TECHNOLOGY OPERATING
IN THE TV WHITE SPACES COMPLETELY PROTECT
LICENSED TV BROADCASTING ?

By Mark A. Sturza and Farzad Ghazvinian

Policy Background

In 2004, the FCC proposed to allow unlicensed \eissl devices to utilize vacant television
channel frequencies in each market, a rulemakirgy & currently in its final stages. The FCC
discussed three methods (control signals, positi@ermination, and cognitive radio with
dynamic frequency selection) to ensure that uniednTV band devices operate only on vacant
channels without harmful interference to broadcBgtservice. Of these methods, cognitive radio
has spurred the most debate. The cognitive radithogeuses spectrum sensing and dynamic
frequency selection (DFS) to identify and avoidupied TV channels. This method has been
approved by the Defense Department for unlicenseitds to share spectrum with military radar
in the upper 5 GHz band. Potential service providand equipment manufacturers embrace it
because it does not require external infrastructiilewever, TV broadcasters oppose it because
they do not understand it and fear it will resuitharmful interference. This report answers the
following question that is central to the FCC's wamt rulemaking: can unlicensed TV-band
devices using cognitive radio techniques complgtedyect licensed broadcast TV services?
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1 Introduction and Summary

This report answers the following question thateistral to the FCC'’s current rulemaking about wéetb open
the unused TV-band channels in each market forlassebroadband and other innovatioBan unlicensed
TV-band devices using cognitive radio techniquesgetely protect licensed broadcast TV servicesheSo
published reports have postulated an affirmativepaese to the questiorwhile others have claimed the
opposité. This report provides the engineering supportefnitively resolve this question in the affirmagiv
cognitive radio technigues can be used by unlickf$eband devices to protect licensed broadcastdivices.

Through analysis and simulation it is shown thatoaoupied DTV channel can be identified with picadti
certainty by an unlicensed device even if nearlmf roounted antennas are receiving the DTV signdhet
threshold of visibility (TOV) and the unlicensedvite sees the DTV signal with over 37 dB additional
attenuation compared to the rooftop antennas. @nceccupied DTV channel has been identified, it lsan
avoided to prevent the possibility of co-channgdrierence (CCI). Additionally, adjacent DTV chalsnean also
be avoided if necessary to prevent adjacent chamtegerence (ACI).

Cognitive radio techniques are statistical in ratdihey provide virtual, not absolute certaintywdaer, it is
shown that, even in the most adverse conditioagptbbability of harmful interference can be maalsrsall that
electric power outagésvould be a more likely cause of interruption todatcast TV service than unlicensed TV
band devices. If absolute certainty is requirediait be provided by control signal or position deteation
techniques.

This report does not address questions relatedlicensed TV-band device performance or designsdlaze
issues best left to standards organizations, ssitheal EEE 802 Working Groupand the Wi-Fi Allianc® The
simple cognitive radio architecture described is thport is solely for the purpose of demonstegtirat licensed
TV services can be protected. No particular implgaten is advocated.

When the transition from analog to digital telemsis complete there will be vacant channels (‘evhjaces”) in
every media markét These channels are not used either because aftipbiinterference to other broadcast
channels or due to lack of commercial demand i tharket. The FCC adopted a Notice of Proposed
Rulemaking (NPRM) on 13 May 2004 proposing “to wlloinlicensed radio transmitters to operate in the
broadcast TV spectrum at locations where that spads not being usefl’The NPRM discusses three methods
(control signals, position determination, and ctigmiradio) to ensure that unlicensed TV band dsvioperate
only on vacant channels without harmful interfeeetacthe broadcast TV service.

Of these methods, cognitive radio has spurred tbet miebate. Potential service providers and equipme
manufacturers embrace it because it does not eeguiernal infrastructure. TV broadcasters oppbbedause
they do not understand it and fear it will resalbarmful interference. The cognitive radio metheds spectrum
sensing to identify and avoid occupied TV chanr@ige of the issues associated with this methodptefgrred

! FCC, First Report & Order and FNPRM in the Matfednlicensed Operation in the TV Broadcast BandsDBcket No. 04-186, Adopted
October 18, 2006.

2 Michael J. Marcus, Paul Kolodzy and Andrew Lipprrishy Unlicensed Use Of Vacant Tv Spectrum WilltNdgerfere With Television
Reception”, New America Foundation, Wireless FuRn@gram, Issue Brief #19, July 2006.

% “Laboratory Evaluation of Unlicensed Devices Ifeimce to NTSC and ATSC DTV Systems in the UHFdBaBommunications Research
Centre Canada, November 29, 2004.

4 Various studies have reported average power ointgeiptions of 101 to 120 miniutes with averageurrences of 1.1 to 1.4 per year. See
Table 3 of Kristina Hamachi LaCommare and Jose#td].“Cost of Power Interruptions to ElectricitpiiSumers in the United States”,
Ernest Orlando Lawrence Berkeley National LaboyatdNL-58164, February 2006.

® http://grouper.ieee.org/groups/802/

€ http://www.wi-fi.org

" “Measuring the TV ‘White Space’ Available for Uréinsed Wireless Broadband,” Free Press and theAhrica Foundation, January 5,
2006

8 FCC, NPRM in the Matter of Unlicensed Operatiothia TV Broadcast Bands, ET Docket No. 04-186, B&@.13, Adopted 13 May 2004.




to as the “hidden node problem”, is that unlicerdedces can be shielded from TV signals. Thugithaces
might incorrectly assume a channel is vacant aamiiertently make transmissions that interfere Witrsignals.

The cognitive radio method takes advantage of spdeiatures found in TV signals to detect occupi&d
channels. Detecting the presence of a signal catoihe with very high probability at signal levelsich lower
than those required for demodulation. Detectingptiesence of an analog or a digital television (P$ignal is
far easier, and can be achieved with very highgiitity at signal levels that are significantly lemthan the
levels required by a TV set.

With less than one second of observation timecanpmied DTV channel can be identified with pradtoeatainty
by an unlicensed device even if nearby roof mouatgdnnas are receiving the DTV signal at the hiofdsof
visibility and the unlicensed device sees the Digvia with over 37 dB additional attenuation congghio the
rooftop antennas.

This report describes a simple detection mechawnikith takes advantage of the spectral featuresifouboth
analog TV and DTV signals. Through analysis, sitmata and field measurement, it is shown that thgnitive
radio approach can be used successfully to avoidfleinterference to TV signals from an unlicen3atband
device. This mechanism is viable for both fixed padable devices.

Section 2 of this report provides background infatiom and brief descriptions of the three interfeeeavoidance
methods: control signals, position determinatiord eognitive radio. With appropriate rules, thetoarsignal
and position determination methods can be madsafail They can protect licensed broadcast TV ssrwidth
absolute certainty.

The application of cognitive radio methods to ditgcTV signals is discussed in detail in Sectioft3 analysis
presented in that section demonstrates that tretrapeharacteristics of the DTV signal can usedétect the
presence of a TV transmitter. It is shown that ewvitin a 37 dB attenuation of the DTV signal dué¢hi® “hidden
node problem”, the unlicensed device can detegtrigence of a TV signal with practical certaifityis analysis
takes into account the limitations imposed by tmgtisr and receiver frequency offsets and phassendti also
accounts for errors in the receiver noise measursmequired to compensate for temperature vangtnd
aging. Furthermore, simulation models are useetify the results of the analysis presented. Sition results
closely match the analytical result and confirnt@aclusions.

Section 4 addresses the remaining question of tkely Is it that an unlicensed device located iasidbuilding
would see a DTV signal more than 37 dB below teahsat the rooftop. Building penetration loss metelsed
on measurement campaigns and models based onrfeggselective fading are considered. In both cases,
seen that the probability of building penetratiossl exceeding 37 dB is negligible. The maximumevaported
in the literature is only 30 dB.

Field measurements of DTV pilot carrier power waigle inside three residences in Encino, Califoengsyburb

of Los Angeles. They are presented in Section &iviements of each of the 22 DTV transmitters auyénese
residences were made in each room. These meastseshew that the presence of the pilot carrier famde the
presence of the DTV signal, is readily detectablali cases. The pilot carrier power measured énrdoms
ranged from -104.7 dBm to -58 dBm. The lowest pomeasurement of -104.7 dBm is only 9.1 dB below the
nominal pilot carrier level at threshold of visityil(TOV) of errors. Since the analysis shows {tilatt carriers 37

dB below TOV can easily be detected, the weakktqarrier observed was easily detectable withr 8VedB of
unused margin.

In conclusion, this report shows that cognitiveiagadchniques can be used by unlicensed TV-baniteteto
completely protect licensed broadcast TV services.



2 Background

Broadcast television services in the United Stapegate on 6 MHz channels, designated 2 througln@8ge
VHF and UHF portions of the radio spectrum (Je&ble 3 under Part 73 of the Federal Communications
Commission (FCC) rules. These rules prohibit the afsunlicensed devices in TV bands, with the etioepf
remote control and medical telemetry devices. TBE i5 now in the process of requiring TV statiamsdnvert
from analog to digital transmissions. By Februa®@®, at the statutory end of the DTV transitior, spectrum
presently allocated to channels 52 through 69 {6886 MHz), will be reallocated to other services.

After the DTV transition there will typically beraumber of TV channels in a given geographic aragate not
being used by DTV stations, because such stationgdwot be able to operate without causing interfee to
co-channel or adjacent channel stations. For exarii rules for DTV allotmeritspecify minimum separations
between co-channel stations ranging from 196.3%8&2km, and separations between adjacent chaiatiehs
that are not co-located, or in close proximity,1d0 km. These minimum required separations betWaén
stations are based on the assumption that staf@nate at maximum power. However, a transmitterating on
a vacant TV channel at a much lower power levellvoot need as great a separation from co-chamael a
adjacent channel TV stations to avoid causing feremce. Low power unlicensed transmitters canab@easn
vacant channels in locations that could not be bgedV stations due to interference concerns. iitaa, in
some areas, not all of the channels that couldsbed by TV stations will be used. Those vacant aklargould
also be used by unlicensed devices.

The FCC adopted an NPRM on 13 May 2004 proposim@lfow unlicensed radio transmitters to operatién
broadcast TV spectrum at locations where that spads not being used®. These “whitespaces” are frequency
channels allocated for TV broadcasting that areusetl in given areas. Specifically, the FCC hapqsed to
allow unlicensed operation in the spectrum use@\bghannels 5 and 6 (76 — 88 MHz), 7 through 131@ 216
MHz), 14 through 36 (470 — 608 MHz), and 38 throGgH(614 — 698) MHZ. This operation would be subject to
protecting licensed TV services from harmful irdeghce within their service contours. The proposas rules
would allow the operation of both fixed/access grtsonal/portable broadband devices on a nonirgede
basis.

The propagation characteristics of these bands thake ideal for providing last mile broadband sohsg, and
the fixed nature of TV transmitters makes it pdesfor unlicensed transmitters to co-exist in thene band.
Whitespaces exist even in apparently congested.area

947 CFR 73.623(d)

12 FCC NPRM in the Matter of Unlicensed Operatiothin TV Broadcast Bands, ET Docket No. 04-186, FET1B, Adopted 13 May 2004.

! Channels 2 through 4 were excluded to eliminat@thtential of interference to TV interface devisesh as VCRs and DVDs, which connect
to the antenna terminals of a TV receiver. ChaBnelas excluded “due to the special interferenneeros associated with the sensitive
nature of radio astronomy reception and the driafety function of medical telemetry equipment.”
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- Table 1 — TV Channels?
TV Channel  Frequency | TV Channel | Frequency | TV Channel Frequency

Number Band (MHz) Number Band (MHz) Number Band (MHz)

2 54-60 25 536-542 48 674-680
3 60-66 26 542-548 49 680-686
4 66-72 27 548-554 50 686-692
5 76-82 28 554-560 51 692-698
6 82-88 29 560-566 52 698-704
7 174-180 30 566-572 53 704-710
8 180-186 31 572-578 54 710-716
9 186-192 32 578-584 55 716-722
10 192-198 33 584-590 56 722-728
11 198-204 34 590-596 57 728-734
12 204-210 35 596-602 58 734-740
13 210-216 36 602-608 59 740-746
14 470-476 377 608-614 60 746-752
15 476-482 38 614-620 61 752-758
16 482-488 39 620-626 62 758-764
17 488-494 40 626-632 63 764-770
18 494-500 41 632-638 64 770-776
19 500-506 42 638-644 65 776-782
20 506-512 43 644-650 66 782-788
21 512-518 44 650-656 67 788-794
22 518-524 45 656-662 68 794-800
23 524-530 46 662-668 69 800-806
24 530-536 47 668-674

The NPRM discusses three methods (control sigoadition determination, and cognitive radio) fosuing that
unlicensed TV band devices operate only on vadantrels. The FCC has proposed two categoriesioénséd

TV band devices — fixed and portable; all threehads are viable options for both types of deviteaddition to

protecting against co-channel interference (C@heee methods can be used to protect agairstealj channel
interference (ACI) if such additional protectiorrégjuired. The control signal method is discusseSiection 2.1,
the position determination method in Section 2@, the cognitive radio method in Section 2.3.

2.1 CONTROL SGNAL

With the control signal method, unlicensed TV balebices only transmit if they receive a controlnalg
identifying vacant channels within their serviceas. This signal can be received from a TV stalibhbroadcast
station, or TV band fixed unlicensed transmitteithéut reception of this “control” signal, no tranissions are
permitted. This provides positive assurance tlesettilevices will operate only on unused TV chan@i&n the
time and expense required to change the operdigagnel of an existing TV transmitter, or to corcitrai new
transmitter, updating the control signal informatam a daily basis is more than sufficient to pnéugterference.

The most efficient and effective method for prowgdicontrol signals to portable unlicensed deviegsedds on
how they are networked. If they are part of a pwanultipoint network, such as a hot spot WISRwoek, then

having the base provide the control signals ipteéerred method. Alternatively, if they are pdrageer-to-peer
wireless mesh network, then it may be preferableatee an existing TV or FM broadcast station prewlie

control signals.

12 47 CFR § 73.603(a) Numerical designation of telesichannels
13 Channel 37, 608-614 MHz, is reserved exclusiatfe radio astronomy service
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In the NPRM, the FCC did not propose specific attarastics for the control signal. This left opée issue of a
control signal being received by an unlicensedadeoutside the valid range of its information. Tiksle can be
addressed through proper design of the controaktgrensure that its range is comparable to, en ésss than,
the range over which the available channel infoonadata is valid.

The control signal method is applicable to botkedxand mobile unlicensed TV-band devices. By reguthese
devices to only transmit when they are receivingla control signal and limiting control signahge to their
areas of validity, this method is made failsafe.

2.2 PoOSITION DETERMINATION

In the position determination method, an unliceriBéeband device incorporates a GPS receiver taméte its
location and accesses a database to determin ttieafinels that are vacant at that location. TaeFdwo issues
associated with this method: 1) the accuracy antbieieness of the database and 2) the abilityeofititicensed
TV-band device to determine its’ location using GPS

During the DTV transition, the FCC'’s databases hastebeen able to keep up with the changes. Howbyer
February 2009, at the statutory end of the DTVsitam, spectrum utilization will become more stalaind
maintaining an accurate database will become e&d@ntaining an accurate up-to-date database antal’ v
channels is not technically challenging or paréidylexpensive.

GPS has been shown to support the FCC’s E911 esepiit* for network based technologies of 100 meters for
67% of calls and 300 meters for 95% of calls. Earraccuracy of several kilometers would be sufficier
determining vacant channels at a given locatioes&laccuracies are routinely achieved by GPS eemidside
buildings. Since unlicensed TV-band devices orapgmit when communicating with other unlicensedbgvid
devices, only one device in a network needs tole t@ obtain a position fix and have access tareent
database for all devices to know which channelsaaéable.

The position determination method is applicablébtth fixed and mobile unlicensed TV-band deviceg. B
requiring that these devices only transmit whegy th@/e a current position fix and timely databasermation,
this method is made failsafe.

2.3 COGNITIVE RADIO

In this method, the unlicensed device autonomaletigcts the presence of TV signals and only useshignnels
that are not used by TV broadcasters (white spath® approach, also known as listen-before-talT{), is
very interesting because, unlike the approachesided earlier, it does not depend on any extefatabase that
has to be maintained by the FCC or a control sidpa@imust be transmitted by a broadcaster.

Detection of the TV signal can be subject to thiddln node problem.” This problem can arise whenetlis
blockage between the unlicensed device and a Tirstdbut no blockage between the TV station aridva
receiver antenna and no blockage between the nsdidedevice and the same TV receiver antenna.chnau
case, the sensing receiver may not detect thenmeesé the TV signal because it is blocked, andutiieensed
device could start using an occupied channel, mgimirmful interference to the TV receiver.

The important fact that is ignored in this simptistescription is that the unlicensed device oelds to detect the
presence of a signal and does not need to demedtulaetecting the presence of an analog or a Bigjval is far
easier and can be achieved with very high prolabilisignal levels that are significantly lowearihthe signal
levels required by a TV set.

1447 CFR 20.18(h) 911 Service.



The remaining sections of this report show thatcthgnitive radio method can be used by unlicensédand
devices to protect licensed broadcast TV servidds wirtual certainty. The level of certainty is fact high
enough that even in the most adverse conditioagrtbability of harmful interference can be maalsraall that
electric power outages and natural disasters waeild more likely cause of interruption to broad@astservice
than unlicensed TV-band devices. The analytic tesnk validated by simulation studies.

It is worth noting that the cognitive radio meth®dpectrum sensing approach resonates with thevétion at
the edge” philosophy that has made the Internasusoessful. The deployment of socially valuablécanked
TV-band devices could be delayed if they have fmedd on preconditions “in the core of the netwerlcontrol
signal beacons or position determination databases.



3 Detecting TV Transmissions

The cognitive radio, listen-before-talk (LBT), methensures that unlicensed TV band devices openéteon
vacant channels by incorporating sensing capasilit detect licensed transmitters in an area.ficemsed TV
band device would incorporate processing capabgetafcting signals down to a level far below thhtctv is
required by a TV receiver to determine if a patidcTV channel is occupied. If no signal is detdctee channel
would be considered vacant.

The Section shows that with less than a 1 secoseradtion time, an occupied DTV channel can betifikh
with practical certainty by an unlicensed devicerewhen nearby roof mounted antennas are recehenB TV
signal at threshold and the unlicensed device #eeDTV signal with over 37-dB additional attenaati
compared to the rooftop antennas. The analysisiamdations used take into account the limitatiomsosed by
transmitter and receiver frequency offsets and lmadse. They also accounts for errors in the veceioise
measurements required to compensate for tempevattiggons and aging.

3.1 PROBLEM STATEMENT

This “spectrum sensing” method is subject to thddén node problem” illustrated igure 1 This problem
can arise when there is blockage between the naticedevice and a TV station, but no blockage leetile TV
station and a TV receiver and no blockage betweerutlicensed device and the same TV receiveudh a
case, a simple sensing receiver may not deteqirtisence of the TV signal because of the bloclayg,the
unlicensed device could start using an occupiedr@iacausing harmful interference to the TV regeiv

TV Transmitter

TV Antenna

Hidden Node

- Figure 1 — Hidden Node Problem

However, the hidden node problem can be solvedkigg advantage of the fact that the “hidden nodest only
detect the presence of a signal and, unlike a T¥iver, it does not need to demodulate it. Furtbesmthe
“hidden node” can take advantage of the TV sigmattire and its spectral features to detect @sqance.

Figure 2shows the analog TV (NTSC) spectrum. The pictargeg, located 1.25 MHz above the lower edge of
the channel, has significantly higher amplitudenthay other portion of the signal. The sound cardeated 5.75
MHz above the lower edge of the channel, is therskbighest component. Either of these signaldeareadily
detected even when the analog TV signal is receiadtdbelow the threshold level required by a T\¢aiger.
However, with the phase out of NTSC signals by tyr2009, the ability to detect these signalsastm
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The DTV spectrum is shown frigure 3 With the exception of the pilot carrier locate810MHz above the
lower edge of the channel, the spectrum is flag @ilot carrier power is 11.3 dB less than the &igmal power.
Even though it has a small fraction of the powethgnmain DTV signal, its power is concentrated ispectral
line and is thus readily visible above the main Dsighal whose power is spread over 6 MHz. Thisdsspectral
feature that is utilized in detecting the presaf@DTV signal.
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- Figure 3 — DTV Spectrunt®

In the sensing receiver, the pilot carrier is obsgrin a detection bandwidth B, centered on thet pérrier.
Thermal noise and the main part of the DTV sigmal @esent in addition to the pilot carrier. Forgmses of
detecting the pilot carrier, the main signal canmmeleled as additive white Gaussian noise (AWGHKg pilot
carrier (PC) to main signal (S) power ratio is chlted by assuming that the main signal power frmly

spread across the 6-MHz channel bandwidth:

PC/S =-11.3dB + 10 x lgg6 x 16/ B)

=56.5 dB-Hz — 10 x log(B).

1547 CFR 73.699 Figure 5.
16 Advanced Television Systems Committee (ATSC), ABhdard: Digital Television Standard (A/53), Riavi D, Including Amendment

No. 1; Doc. A/53D, 19 July 2005, Amendment No.7LJaly 2005, page 64.
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The pilot carrier to thermal noise power ratio acualated as a function of the main DTV signal tise ratio
(SNR):

PC/N = SNR — 11.3 dB + 10 x {6 x 16/ B)
= SNR + 56.5 dB-Hz — 10 x lggB).

The SNR at threshold of visibility (TOV) of errdss14.9 dB’. Thus, if the DTV receiver is able to recover the
signal, the PC/N must be at least 71.4 dB-Hz — [b@(B).

The total pilot carrier to noise plus main DTV sigpower ratio is given by:

PC/(N+$: 1 1 1

+
PC/N PG S

PC/(N+S) (dB) = 56.5 — 10 x legl + 1059 — 10 x logy(B).

Figure 4shows the PC/S, PCIN, and PC/(N+S) ratios at TO\A #unction of detection bandwidth. So by
reducing the detection bandwidth, the pilot SNR@ases and, even if a hidden node situation rdsiite

significant blockage, it would still be possible foe sensing receiver to detect the pilot andadedhe channel
occupied.

|[— PCIN —PCIS — - PC/(N+S)]
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- Figure 4 — PC/S, PC/N, and PC/(N+S) Ratios at TOVsaa Function of Detection Bandwidth

Figure 5shows PC/(N+S) as a function of SNR relative tovT(@4.9 dB) for 1-kHz and 10-kHz detection
bandwidths. Note that for SNRs below TOV the thémoa#gse dominates and that for SNRs above TOV thia m
signal noise dominates. Since the pilot carrier easily be detected in strong signal cases, thikeba is
detecting it in hidden node situations where tleenttal noise is dominant.

17 Advanced Television Systems Committee (ATSC), Renended Practice: Guide to the Use of the ATSQdDigelevision Standard,
A/54A, 4 December 2003, page 74.
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- Figure 5 — PC/(N+S) As Function of SNR Relative tdOV

PC/(N+S) increases as the detection bandwidtidiscesl. The lower limit on detection bandwidth itedmined

by the transmitter frequency offset and phase nBiseommended practice for DTV transmitters idat parrier
frequency tolerance afl kHz and maximum phase noise of -104-dBm/Hz &b-&HZ offset from the carrier
frequency’. Recommended practice for DTV receivers is to @pewith a received signal phase noise of
-80-dBc/Hz at a 20-kHz offset to accommodate repsatith high phase noiSePessimistic phase noise curves,
assuming the 20-kHz values out to the channel biatitand 14 noise below 20-kHz, are shownfrigure 6
Figure 7shows the resulting phase jitter. Even with thisyneepeater, the jitter is less than 25° in a &-kH
bandwidth. Therefore, in determining the detectiamdwidth, the dominating factor is the transmitsaghal
frequency tolerance.

|—-104 dBc/Hz @ 20-kHz — -80 dBc/Hz @ 20-kHz|
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- Figure 6 — Pessimistic Phase Noise

18 Advanced Television Systems Committee (ATSC), ABRhdard: Transmission Measurement And CompligocBigital Television.
AI64A,.30 May 2000.
19 Advanced Television Systems Committee (ATSC), AR&Commended Practice: Receiver Performance GigdeV74, 18 June 2004.
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- Figure 7 — Phase Jitter

Another consideration is receiver frequency stgbiliow cost temperature compensated crystal asmid
(TCXOs) providet3 PPM frequency stability. This results ir21-kHz frequency offset for channel 51. Taking
into account the transmitter and receiver tolersirtbe minimum detection bandwidth is 6-kHz.

Receiver frequency uncertainty can also be redogeing a DTV pilot signal to calibrate the TCXIhe pilot
signals are located 310-kHz above the lower edgkeo6-MHz channel. Periodic calibration would easthat
the receiver frequency stability matchesttheéHz frequency stability of a DTV transmitter. $hould allow the
use of a 4-kHz detection bandwidth.

There are several other techniques that can beogeadapin order to improve the sensitivity of theicghsed
device at the expense of more complex implementafior example, additional sensitivity can be aadeby
using a bank of narrower filters covering the 6-kkiage. In that case, the limiting factor becorhegrtansmitter
phase noise which is about 300 Hz for the noiseatgy. This technique provides 13-dB improvement in
sensitivity at the expense of requiring 20 filtevkjch can efficiently be implemented digitally.

Another technique for improving sensitivity is torcoherently sum power measurements made witkHz Ger

larger, bandwidth. This is the technique used énfttlowing Section. It could also be combined vittle filter
bank technique to provide even more sensitivitgloyming measurements made with a smaller bandwidth.

3.2 SIGNAL DETECTION

Signal detection is based on hypothesis testinthisncase, the decision variable is a measureaiehte pilot
carrier power D that is tested against a thresholthe hypothesis test is:

Hl
>

D T
<
HO

where H is the null hypothesis (no signal), andisithe signal present (channel used) hypothekis ifD > T, a
signal (occupied channel) is detected; otherwissigil is detected (channel vacant). The perfocmahthe test
is characterized by the probabilities of falseral@®-») and missed detectionys):
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Pra=P[D>T|H]
Pwo =P[D <T|H]
Figure 8shows the probability density functions (pdf) tlee two hypotheses. The threshold, T, is a valuben

decision variable axis. The probability of falsaral is the amount of the,hpdf tail above the threshold and the
probability of missed detection is the amount eflthtail below the threshold.

— Ho
---'H1

Probability

: ]
: ]
: !
E ,I ‘\
M R4 \_

D

- Figure 8 — Hypotheses PDF’s

A functional block diagram of a generic detectienaiver is shown ifrigure 9 The antenna converts the free
space propagated waveforms into RF signals. Thdplaas filter (BPF) removes out-of-band energy. e
noise amplifier (LNA) sets the noise floor. The difigal signal is downconverted to baseband by ngixtrwith
in-phase and quadrature-phase local oscillatoralignenerated by the frequency synthesizer. Tlygidrey
synthesizer is tuned to 310-kHz above the bottortn@f6-MHz channel, the location of the pilot carriThe
mixer outputs are lowpass filtered (LPF) with baiutlv B, the detection bandwidth. The lowpass sk
sampled at the Nyquist interval (1/B) and quantiZée digital samples are squared, added togethéisummed
over M sample pairs to form the decision variable,

The detection receiver functionality could be impésted in an unlicensed TV-band device with ndgégi
production cost impact. Likely only the baseband@S%vould be affected. The unlicensed TV-band device
already has all of the functionality through thédAdonverters. Additional digital filtering might bequired to
achieve the desired detection bandwidth, and thersg, summation, and comparison would be added.
Compared to a typical unlicensed device basebah@,Al%e additional number of gates would be indicgnt.
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A calibration mode allows periodic measurementef rieceiver noise which varies due to temperatimeges
and component aging. The LNA input is switched ®0achm load. The decision variable divided byribise
variance (power), D$\?, is chi-square with 2M degrees of freedom. Sast fmean 2M and variance 4M. In this
case the noise power is estimated by:

h=D/(@2xM)
and the variance of the estimate is:

sp2=sp2/ M.

The normalized standard deviation of the noise pestmate is shown krigure 10
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- Figure 10 — Noise Power Estimate Standard Deviation

After calibration, the distribution of the norma& decision variable, DH, depends on which hypothesis is
correct as follows:

Ho: chi-square with 2M degrees of freedom
Hy: non-central chi-square with 2M degrees of free@mah non-centrality parameter= 2 x M x
PCINy/ B.

Thus D /h has the mean and variance shown in Table 2.

Table 2 — Normalized Decision Variable Statistics
Hypothesis Mean Variance
Ho 2XM 4xM
H 2XMX(1+PC/N/B) | 4xMx(1+2xPC/y B)

The probabilities of false alarm and missed detréiie given by:

¥ tM-le-t/Z
PFA(T,2M):TW(M)dt
and
M-1
PMD(T,ZM,b)::% % éy_'szM_l(\/b_y) dy

wherely(X) is the modified Bessel function of the firshdi

The detector operating characteristic (DOC) isca @l Ryp versus B The DOC is shown ifrigure 11for a
10-kHz detection bandwidth, one sample summedsigmal levels 12, 13, and 14 dB below TOV. Noté tha
pilot carrier to noise density ratio, PG/Mind the detection bandwidth, B, only appear éndhiculation of the
non-centrality parametely. Thus any combination that results in the sameevébr b produces the same
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performance. A detector with 1-kHz detection banltlwiwould be 10 dB more sensitive then a detecithr w
10-kHz detection bandwidth.

10000 Hz detection bandwidth

T

|

i —— 9.dB below TOV, 1 summed
1 |=——10 dB below TOV, 1 summed
|

- Figure 11 — Detector Operation Characteristic (10-Kiz detection bandwidth, 1 sample summed)

The DOC for a 10-kHz detection bandwidth, signatiBEbelow TOV, and various numbers of samples swinme
is shown inFigure 12 Increasing the number of samples summed significamproves the detector
performance.

— 15 dB below TOV, 1 summed
—— 15 dB below TOV, 2 summed
— 15 dB below TOV, 3 summed
—— 15 dB below TOV, 4 summed
—— 15 dB below TOV, 5 summed

15 dB below TOV, 6 summed

10

S 10"

1 0—20

10" 10° 10°

FA
- Figure 12 — Detector Operating Characteristic (10-Kiz detection bandwidth, 15 dB below TOV)

For a constant false alarm rate (CFAR), the equétip R, can be solved for the threshold, T, and that vialue
used in the evaluation of the equation fgg PA value of 1G for P:a means that one in every one hundred
thousand times that an unlicensed device testaanehthat is vacant, it will erroneously conclutat it is
occupied. This of course does not result in arerfietence to a TV; it only means that the unlicdrdsevice will
continue searching for a vacant channel. A valugadf for By, means that if an unlicensed TV-band device
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checked for a vacant channel once a second, exemnd of every day, then on average, it would raakestake
and transmit on an occupied channel once every@aiz.Figure 13shows the DOCs intersecting the,B
10°, Pyp = 10™) point.

0 10000 Hz detection bandwidth
10 I I T -
! ——10.5dB below TOV, 1 summed
! ——19.1 dB below TOV, 10 summed
= ! |——26.3dB below TOV, 100 summed
10 o - I~ |——32.4 dB below TOV, 1000 summed |
; ——37.9 dB below TOV, 10000 summed
| |
[a) -10 | |
0> 100 F-—-—----- A U o -
| |
| |
| |
10’15 ,,,,,,,, i ,,,,,,,,,,,,,,,,,,, o _
|
|
|
20 ‘
10 :
10" 10° 10° 10* 10° 10°
PFA

- Figure 13 — Detector Operating Characteristics Intesecting (B:a = 10°, Pyp = 109

Table 3shows, for various numbers of samples summedihifeshold value T associated With®1Bka,
measurement duration with a 10-kHz detection badthD TV signal strength set for reception at T@NG Ryp

of 10 Three cases are provided, perfect noise scaler fasifesigma noise scale factor with 1.0 second
calibration (Mca. = 10,000), and six-sigma noise scale factor withsgcond calibration (M, = 1,000). The
six-sigma noise scale factor ensures that the hiddde margin will be better then the value sho8®9999%

of the time. The hidden node margin versus measmeduration is plotted ikigure 14

- Table 3 — Thresholds, Durations, and Hidden Node Magins (B = 10-kHz, R.a = 10°, Pyp = 10%°)

Samples Margin (dB)
(M) T/(2M) | Duration (sec) | Perfect Cal | 1 sec Cal | 0.1 sec Cal
1 115 0.0001 135 134 13.2
10 3.0 0.001 22.1 21.9 21.6
100 15 0.01 29.3 29.0 28.4
1000 1.2 0.1 35.4 34.6 333
10000 11 1.0 40.9 38.9 36.3
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- Figure 14 — Hidden Node Margin vs. Measurement Durtéon (B = 10-kHz, R:a = 10°, Pyp = 109

With one second of observation time, an occupied Biannel can be identified with practical certaiby an
unlicensed device even when nearby roof mountezhaas are only receiving the DTV signal at thresslaoid
the unlicensed device sees the DTV signal with @#&mB additional attenuation compared to the opoft
antennas.

3.3 SIMULATION RESULTS

Simulation studies were conducted to validate tiadytic results. A functional block diagram of sieulation is
shown inFigure 15

DTV Signal .| Channel .| Detection
Generation " Model »  Receiver

- Figure 15 — Simulation Block Diagram

The DTV Signal Generation block implements the Difahsmitter's 8-VSB signal generation as shown in
Figure 16 Random data is generated to emulate the DateoRuret. This data is encoded with a RS(207,187)
block code followed by a convolutional byte intasler and a rate-2/3 trellis encoder with intrasegme
interleaving. The resulting symbols are multiplexéth the Segment Sync and Frame Sync symbolsga/sB
modulated with addition of the pilot signal. Thedulated signal is then passed through a linearepioas raised
cosine filter Figure 17shows the output signal spectrum.
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- Figure 16 — DTV 8-VSB Signal Generation FunctionaBlock Diagram®
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- Figure 17 — Spectrum at DTV Signal Generation Outpti

The Channel Model block scales the signal to trsirelk SNR and adds white Gaussian noise to model th
receiver input noise. The receiver input spectrigmes is shown without a signal frigure 18and with a signal

at TOV (14.9 dB SNR) ifrigure 191n calibration mode, the SNR is set to -100 dBctvteffectively removes
the signal component.
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- Figure 18 — Receiver Input Spectrum Without Signal

20 Advanced Television Systems Committee (ATSC), ABRhdard: Digital Television Standard (A/53), R&r D, Including Amendment
No. 1; Doc. A/53D, 19 July 2005, Amendment No.7LJaly 2005, page 75.
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- Figure 19 — Receiver Input Spectrum With Signal aft4.9-dB SNR

The pilot carrier power to thermal noise ratio (Rheasured in the simulation bandwidth with thevSignal
set at TOV (14.9 dB DTV SNR) as a function of dttecbandwidth is shown ikigure 20Also shown are the
theoretical values from Section. They are in egoelhgreement.
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- Figure 20 — Pilot Carrier Power to Thermal Noise R#&o at TOV (Theoretical and Simulated)

The Detection Receiver block implements the funetiity of the simplistic detector shown kigure 21 The
detection bandwidth is set to 10-kHz. The calibratinode is used to estimate the noise power. Tteetube
threshold is calculated as a function of the nunabesamples summed, M, and the desired probabilifalse
alarm, Ra. Then the normalized decision variable is measangdcompared to the threshold. If it is greatenth
the threshold, the channel is declared occupibénetse, the channel is declared vacant, a whitespa
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- Figure 21 — Detection Receiver Model

The normalized standard deviations of the noiseepaaeasurements generated by the simulation ipratdin
mode are shown ikigure 22along with the corresponding theoretical valudgyTare in excellent agreement.
This confirms the noise power estimation error rhaded in the analysis.

\—Theoretical * Simulated\

Normalized Standard Deviation of
Noise Variance Estimate
/

0.01 ‘ \

1 10 100 1,000 10,000
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- Figure 22 — Noise Power Estimate Standard DeviatiofTheoretical and Simulation Results)

In the no signal case the distributions of thesiesivariables generated by the simulation are stiolrigure
23 Figure 24 andFigure 25for 1, 10, and 100 samples summed, respectivély.tfieoretical distributions
are also shown. Again, they are in excellent agee¢nThis confirms the channel vacant hypothesjsntédel
used in the analysis.

2C



Theoretical
¢ Simulated

Ajgeqoud

1,No Signal)

- Figure 23 — Decision Variable Distribution (M

Theoretical
¢ Simulated

0.2

Aujiqeqold

10,No Signal)

- Figure 24 — Decision Variable Distribution (M

21



— Theoretical
| ¢ Simulated |

o
w

o
N
T
I

Probability

o
-

00 2500

- Figure 25 — Decision Variable Distribution (M = 100 No Signal)

Figure 26 Figure 27andFigure 28are decision variable distributions generatedheysimulation at the
SNRs corresponding to-P= 10° and R;p = 10'°for 1, 10, and 100 samples summed, respectivejginAthe

theoretical distributions are shown and they arexeellent agreement. This confirms the channelgied

hypothesis, i} model used in the analysis.
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- Figure 26 — Decision Variable Distribution (M = 1,SNR =-10.5 dB re TOV)
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- Figure 28 — Decision Variable Distribution (M = 1@, SNR =-26.3 dB re TOV)

Simulation results validate the conclusion readheBection 3.2 that presence of DTV signals caadtied with
practical certainly by an unlicensed device everedrby roof mounted antennas are receiving the Eigival at
the threshold of visibility (TOV) and the unlicedsdevice sees the DTV signal with over 37 dB aolo
attenuation compared to the rooftop antennas.

3.4 RECEIVER SENSITIVITY

Table 4shows that DTV receivers with outdoor antenna fsawiilar figures of merit (G/T) to those likelyrfo
indoor unlicensed devices. The DTV antennas prosigeificantly more gain, but they are followed logsy



downlead lines and high noise figure electronichil&\ypical unlicensed devices have small, lowngantennas,

they also have minimal feedloss and low noise ppsam

. Table 4 — DTV Planning Factor$®, Typical Unlicensed TV-Band Device Parameters, and

Calculated G/T

Low-VHF | High-VHF UHF

Channels 2-6 7-13 14 -51
DTV Receiver
Antenna Gain 4 dB 6 dB 10dB
Downlead Line Loss 1dB 2dB 4dB
System Noise Figure 10 dB 10 dB 7 dB
GIT -31.6 dB/K| -30.6 dB/K| -25.6 dB/K
Typical Unlicensed Device
Antenna Gain -3dB -2dB 3dB
Feedloss 1dB 1dB 1dB
Receiver Noise Figurey 3 dB 3dB 3dB
GIT -31.6 dB/K| -30.6 dB/K| -25.6 dB/K

Low gain, omnidirectional in azimuth, VHF/UHF antaxs suitable for unlicensed TV-band devices include
vertical dipoles, vertical monopoles, and normatienbelixes. These antennas have nominal lengtgmgafmom

| /10 to 9 /8 with gains of -3 dBi to +6 dBi depending on léngnd ground plane. They require tuning, band
switching, or multi-band designs in order to costrof the VHF and UHF TV channelkigure 29shows
nominal antenna lengths optimized for various T¥retels. Limiting operations to the UHF band (ch&nthé
and above) reduces the required antenna lengthféstar of 6. This fact combined with the more |tsble
UHF propagation characteristics favors the UHF nhlfor use by unlicensed TV-band devices.

@58 M2 D4 0110 |

100"
90"
80" 1
70"
60" 1
50"
40"
30" A
20" A
10"

Antenna Length

13
Channel

14 38 51

- Figure 29 — Nominal Antenna Lengths

Commercial preamplifiers with noise figures of 3, dBless, covering the VHF and UHF TV bands agglaive
from several suppliers. The Channel Master Spa8tamd Titan 2 series and the Winegard AP series are
examples. TV receiver manufactures often do fittleptimize noise figure, hence the high plannamdr values.
The rationale is that receivers are typically catett to cable or satellite converters which havengt output

2L FCC OET BULLETIN No. 69, Longley-Rice Methodolofgy Evaluating TV Coverage and Interference, Jullo®7.
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signals. Customers without access to either cabatellite are assumed to be in rural areas ieguimtenna
mounted preamps anyways.



4 Building Penetration Loss

Section 3 showed that with less than 1 second sérebtion time, an occupied DTV channel can betiftkh
with practical certainty by an unlicensed devicerewhen nearby roof mounted antennas are recehenB TV
signal at threshold and the unlicensed device #eeDTV signal with over 37-dB additional attenaati
compared to the rooftop antennas. This Sectioneades the remaining question of how likely is &t thn
unlicensed device located inside a building woalkela DTV signal more than 37 dB below the roofeell

Section 4.1 considers building penetration loss etsodased on measurement campaigns. Section 4&smod
building blockage loss as frequency selective fadin both cases, it is shown that the probabdityloss
exceeding 37 dB is negligible. The maximum valy®red in the literature is only 30 dB.

4.1 PENETRATION LOSS

Building penetration loss is modeled as log-noramal characterized by its mean and standard devi&&veral
researches have conducted measurement campaighs MHF and UHF bands to determine appropriate
parameter values. There results are summarized.belo

“Building Penetration Loss Measurements in the VHFand UHF Frequency Bands”, Norddeutscher
Rundfunk (NDR), Delayed Contribution to ITU-R Study Groups, Document 3J/13-E, 16 May 2001.

Ten buildings (9 residential and 1 industrial) iuhith, Germany were characterized. Measurements
were made at two VHF frequencies (220 MHz and 22&Mand two UHF frequencies (588 MHz and
756 MHz). The measurements were made on diffeegstd from the ground through third floors. The
buildings were blocks of flats with brick walls,aept for one single house and one with concretis.wal
The results are summarizedliable 7

- Table 5 — NDR Building Penetration Loss Parameters

Standard Max
Band | Mean | Deviation | Loss
VHF | 8.8dB 3.5dB 14.8 dB
UHF | 7.8dB 5.5dB 17.8dB

“Building Penetration Loss Measurements for DAB Sjnals at 211 MHZz", J. A. Green, Research
Department Report, BBC, BBC RD 1992/14, 1992.

Measurements where made inside each room of 28djftmor dwelling units in brick buildings with an
average of 3.2 measurements per square meter. €hasuraments are summarized Tiable 6
Basement measurements provided a mean of 14.5tdBusfandard deviation of 3.8 dB.

- Table 6 — BBC Ground Floor VHF Building PenetrationLoss Measurements

Mean | Standard Deviation
Room With Least Loss 5.0dB 3.2dB
Complete Ground Floor 7.9dB 3.0dB
Room With Greatest Loss| 10.0 dB 3.7dB
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“DIGITAL AUDIO BROADCASTING: Measuring technigues a_nd coverage performance for a medium
power VHF single frequency network”, M.C.D. Maddoclks, et. al., BBC Research and Development Report,
BBC RD 1995/2, 1995.

Measurements were made in 13 houses and basemninfl built-up areas. The mean building
penetration loss was 8.9 dB with a standard deviati 4 dB

Finding the Right Frequency: Impact of Spectrum avdability upon the Economics of Mobile
Broadcasting, IET SEMINAR ON RF FOR DVB-H/DMB MOBIL E BROADCAST, 30th June 2006,
Savoy Place, London, Pekka Talmola, Nokia.

This presentation suggests the parameters shohalie 7

- Table 7 — Nokia Building Penetration Loss Parametex

Standard
Type Band | Mean | Deviation
UHF | 11dB 5dB
VHF | 11dB 3dB
UHF | 17dB 6 dB
VHF | 17dB 3dB

Just Indoors

Deep Indoors

“DVB-T Indoor Reception, Validation of Coverage”, Divitron.

Measurements were made in ten buildings at 498 Nz Channel 18). The results are shown in
Table 8 The mean of these measurements was 11.98 dB sitimdard deviation of 4.2 dB.

- Table 8 - Measured Building Penetration Loss (498 Mz)

Penetration

Building Loss (dB)
Malll 14.9
Malll 12.0
Mall 21.1
Flea market 14.1
Museum 125
City library 7.4
Shop 6.0
School 9.6
Ship terminal 12.0
Ice stadium 10.2

VALIDATE field trials of digital terrestrial televi _sion (DVB-T) , Chris Weck, Institut fir Rundfunktec hnik
GmbH, Rundfunksystementwicklung (Broadcasting Syst@s Development), Minchen, Germany, 1998.

Measurements were made in Europe as part of ACOBapVALIDATE. UHF building penetration
loss measurements made at the BBC, London, UK,exh@® to 30 dB on the ground floor and 21 to 23
dB on upper floors.

Figure 30compares the probability distributions of the @asi building penetration loss models based on the

researches field measurements. It can be seeth¢hpitobability of building penetration loss exdagB7 dB is
negligible. The maximum value reported by the neses was 30 dB.
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- Figure 30 — Comparison of Building Penetration Los#/odels

4.2 BLOCKAGE Loss

In this Section building blockage loss is modelsddading channel using the COST 207 wide seatiersry
uncorrelated scattering (WSSUS) models with zerpdw spread. The parameters for the 4-path rivall),
6-path typical urban (TU6), 6-path bad urban (BUB)J 6-path hilly terrain (HT6) are shown Trable 9
Typical receiver input spectrums for each of theselels at 14.9 dB SNR are showrRigure 31Figure 32
Figure 33 andFigure 34 respectively. The measured spectra presenteeciios 5 show similar frequency

selective fades.

- Table 9 — COST 207 WSSUS Channel Model Parameters

RA4 TUG BU6 HT6

Path|| Delay | Power || Delay | Power || Delay | Power || Delay | Power
0 J|o0ns | O0dB ||0.0ns | -3dB ]]0.0ns | -3dB || 0.0ns | OdB
1 ||]0.2ns | -2dB ||0.2ns | OdB ||0.4ns | 0dB || 0.2ns | -2dB
2 |04ns | -10dB||0.6ns | -2dB |]1.0ns | -3dB || 0.4ns | -4dB
3 l|06ns | -20dB||16ns | -6dB ||1.6ns | -5dB || 0.6ns | -7dB
4 24ns | -8dB ||5.0ns | -2dB || 15.0ns | -6 dB
5 50ns | -10dB||6.6ns | -4dB ||17.2ns | -12dB
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- Figure 32 — Receiver Input Spectrum With 14.9 dB SR & TU6 Channel
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Figure 35compares the probability distributions of the asi building penetration loss models based on
channel fading. Each curve was generated by lomilimulation runs. It can be seen that the préityabf
building penetration loss exceeding 37 dB is ndaitg
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- Figure 35 — Comparison of Fading Depth Models
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5 Field Measurements

To confirm the analysis and simulation resultddfraeasurements of DTV signal pilot carrier poweravmade
inside three residences in Encino, California, lBugu of Los Angeles. The measurements were madeanit
Anritsu MS2721A spectrum analyzer with an ICOM FM3B VHF/UHF antenna. The spectrum analyzer was

configured as shown ihable 10

- Table 10 — Spectrum Analyzer Setup

Parameter Value
Resolution Bandwidth 10 kHz
Video Bandwidth 3 kHz
Span 6 MHz
Detection RMS
Trace Mode Max Holg
Preamp On

The maximum noise figure of the MS2721A in the 18:Mo 1 GHz band with the preamp on is 13dBhe
measurement noise floor (dBm) is given by:

Nrioor= KT + NF + 10 X log(RBW)
where KT is Boltzman's constant times the referéacgerature (-174 dBm/Hz)
NF is the noise figure (dB)
RBW is the resolution bandwidth (Hz).

So, the 10 kHz resolution bandwidth results in21-8Bm measurement floor. This allows for the mesasent
of pilot carrier signals up to 25.4 dB below T8VThe 3 kHz video bandwidth results in the numiesaonples
non-coherently summed, M, approximately equal 8egtion 3.2 shows that pilot carriers 37 dB bel@¥ can
be detected with one second of observation time (,000). Thus, any pilot carrier that can be okeskon the
spectrum analyzer can easily be detected by aceuskd TV-band device. The spectrum analyzer pesftie
same function as the detection receiver, only siitlaller summations and hence reduced sensitivigsg. iA this
case the operator makes the decision visually @whéther, or not, the pilot carrier is above thoth

The 22 DTV transmitters that provide coverage ef tiiree residences, and the recommended roof ndounte
antenna types, were determined from the CEA anterapsing program web sife They are listed iTable 11
The antenna type codes are showhable 12

2 gpectrum Master MS2721A User's Guide, Anritsuydan2006.
2 Assuming a typical planning factor value of 7 dBDTV receiver noise figure.
24 http:/Avww.checkhd.com
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- Table 11 — DTV Stations With Coverage of Residencds 2, and 3

Antenna Call Frequency
Type Sign Channel | Network City State Assignment
SM KTBN 23.1 TBN SANTA ANA CA 23
SM KFTR 46.1 TFA ONTARIO CA 29
SM KTLA 5.1 WB LOS ANGELES CA 31
SM KDOC 56.1 IND ANAHEIM CA 32
SM KMEX 34.1 UNI LOS ANGELES CA 35
SM KNBC 4.1 NBC LOS ANGELES CA 36
MD KPXN 30.1 i SAN BERNARDINO | CA 38
MD KVEA 39 TEL CORONA CA 39
MM KLCS 58.1 PBS LOS ANGELES CA 41
MD KWHY 22.1 IND LOS ANGELES CA 42
SM KCAL 9.1 IND LOS ANGELES CA 43
SM KAZA 54.1 AZA AVALON CA 47
HUNTINGTON
SM KOCE 50.1 PBS BEACH CA 48
SM KJLA 57.1 IND VENTURA CA 49
RANCHO PALOS
SM KXLA 44.1 IND VERDES CA 51
SM KABC 7.1 ABC LOS ANGELES CA 53
SM KCET 28.1 PBS LOS ANGELES CA 59
SM KCBS 2.1 CBS LOS ANGELES CA 60
LD wPA | KSCI 18.1 IND LONG BEACH CA 61
SM KTTV 11.1 FOX LOS ANGELES CA 65
SM KCOP 13.1 UPN LOS ANGELES CA 66
MD KRCA 62.1 IND RIVERSIDE CA 68

- Table 12 — Antenna Types

Code Type Typical Gain (dB)
SM Small, multi-directional 3dB

MM Medium, multi-directional 4-6dB

MD Medium, directional 7-8dB

LD w PA | Large, directional with preamp 8-10dB

Measurements of DTV pilot carrier powewere made in each room of each residence. All mea®nts were
made during late afternoon hours. The codes usddrtote the room types are shownl@ble 13 The pilot
carrier power measurements ranged from -104.7 dB&8tdBm.

Assuming a typical planning factor value of 7 dB BI'V receiver noise figure, the noise power in GhIHz

channel bandwidth is -99.2 dBm (computed as -17@/@R + 7 dB + 10log]6-MHz]). At TOV, the SNR is
14.9 dB, so the signal power would be -84.3 dBmthrdoilot carrier power would be -95.6 dBm (-8dEm —
11.3 dB). Thus the lowest measured value was atlhdB below the pilot carrier level at TOV (-95.Brd -

-104.7 dBm). Hence the weakest pilot carrier olezbvas easily detectable by the detection recefv@ection 3
with over 27 dB of margin (37 dB — 9.1 dB).

% Actually, the measurements are total power irl €hleHz bandwidth around the pilot carriers. Soy thelude the -121 dBm spectrum
analyzer noise power and the small fraction oftlaa DTV signal in the 10 kHz bandwidth aroundpitiet carrier (equal to 2.4% of the pilot
carrier power). The net effect is that the acteegived pilot carrier power was 0.1 to 0.2 dB lothenthe raw measurements.
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- Table 13 — Room Type Codes

BRn | bedroom
BAn | bathroom
LR | living room
FR | family room
DR | dining room

DN | den
UT | utility room
K kitchen

In addition to the pilot carrier power measuremeitis DTV signal spectrum in each of the 6 MHz cleds at
locations near the center of each residence wegtered. For each channel, the spectrum analyzplagisvas
allowed to stabilize for 5 to 10 seconds beforedisplay was captured. With the exception of chbh88ethe
pilot carrier is readily visible in each plot. Theach occupied channel would be correctly idedtifiy an
unlicensed TV-band device in every room of eacldeese. The signal observed in channel 23 doesppatar to
be a TV signal, but is still strong enough thatduld be identified as an occupied channel.

The variation of pilot carrier power within the iences by frequency channel is showkigure 36

\l Residence 1 Fi Residence 2 8 Residence 3\

30

Variation Between Rooms (dB)

23 29 31 32 35 36 38 39 41 42 43 47 48 49 51 53 59 60 61 65 66 68

Frequency Channel

- Figure 36 — Variation of Pilot Carrier Power Between Rooms
5.1 RESIDENCE1

Residence 1 is a three-story 5-bedroom 5-bath S@G6&re foot house built in 1990. The house i®aaded by
trees as shown iffigure 37 The DTV transmitters are located approximatelyndiies away at a compass
heading of 65°. Residence 1 is at the centBigtire 38 The line “A” shows the direction of the transemit.



- Figure 37 — Residence 1
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- Figure 38 — Residence 1 Location

The raw pilot carrier power measurements are shiowr@ble 14 They range from -102.5 dBm to -64.3 dBm.
Figure 3%hows the variation by frequency channel Bigure 40shows the variation by room. The average
variation across rooms for a given frequency chamas 19.8 dB. The DTV signal spectrums captured in
residence 1 are shown krigure 4lthroughFigure 62 Many of the figures show the frequency selective
fading characteristic of the WSSUS channels sinanlaiesults presented in Section 5.
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- Figure 39 — Residence 1 Pilot Carrier Power Variane By Frequency Channel
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- Figure 40 — Residence 1 Pilot Carrier Power Variane By Room




- Table 14 — Residence 1 Raw Pilot Carrier Measuremés (dBm)

3rd Floor 2nd Floor 1st Floor
Frequency
Assignment (BR1 |[BA1 BR2 BA2 BR3 BR4 BA3 K BA4 DR | R FR DN BR5 BA5 uT
23 N/A| NA| NA| NA| NA| NA| NA N/A| N/A| NA| NA N/A | N/A N/A N/A N/A
29 -78.9 | -74.9 | -84.4 | -79.9 | -78.4 | -728 | -759 | -85.1 | -76.6 | -78.7 | -782 | -83.5| -86.6 | -86.4 | -88.8 | -83.5
31 -73.0 | -72.6 | -75.0 | -77.4 | -71.6 | -74.2 | -745| -855|-86.8 | -786 | -825 | -754|-779| -8.5| -77.7| -89.3
32 -74.8 | -82.2 | -74.3 | -83.4 | -80.8 | -749 | -75.6 | -845|-81.7 | -80.7 | -79.6 | -85.3|-79.7| -92.1| -81.9 | -90.0
35 -81.3 | -82.7 | -73.2 | -75.7 | -749 | -80.3 | -70.8 | -87.7 |-775|-819|-89.2| -854|-874 | -816| -86.7| -87.2
36 -75.2 | -825 | -75.0 | -79.0 | -79.1 | -74.4 | -64.3 | -894 |-745|-843|-841| -81.4|-840| -90.3| -89.6 | -88.6
38 -775|-80.0 | -72.2 | -746 | -67.4 | -849 | -69.0 | -788 |-72.1|-835|-776 | -79.0|-889| -88.1| -819 | -93.1
39 -81.8 | -87.6 | -76.7 | -90.9 | -77.1 | -84.1 | -81.1 | -100.5 | -84.4 | -96.8 | -96.9 | -98.5| -94.1 | -102.4 | -98.5 | -101.3
41 -88.2 | -85.,5 | -80.6 | -78.7 | -82.3 | -86.9 | -86.0 | -943 | -87.8 | -85.4 | -88.8 | -89.4 | -986 | -90.4 | -90.1 | -96.1
42 -97.1 | -89.1 | -83.2 | -86.2 | -80.6 | -82.5 | -84.7 | -86.2 |-885|-856 |-87.6 | -944|-90.1|-101.3 | -90.9 | -97.8
43 -82.2 | -84.1 | -75.7 | -80.5 | -76.4 | -79.7 | -83.8 | -86.0 | -82.0 | -849 | -86.9 | -854 | -856 | -86.6| -88.3| -852
47 -81.3 | -859 | -76.0 | -825 | -81.5 | -82.2 | -856 | -96.9 | -852 | -87.1|-91.1| -84.7|-924| -93.0| -96.3| -99.5
48 -83.8 | -86.4 | -76.4 | -87.4 | -729 | -85.5 | -80.4 | -90.6 | -90.1 | -89.9 | -88.0 | -90.7 | -96.1 | -89.9| -89.8 | -91.9
49 -89.3 | -90.6 | -83.1 | -83.1 | -80.3 | -86.4 | -88.0 | -875|-835|-88.0|-87.7| -90.3|-979| -8.8| -91.3| -975
51 -85.0 | -83.1 | -85.0 | -91.7 | -91.1 | -87.6 | -91.1 | -93.1|-88.6 | -90.3 | -85.6 | -95.0| -97.7| -93.0| -89.2 | -96.6
53 -83.2 | -83.0 | -825 | -83.5 | -76.7 | -84.6 | -79.8 | -86.0 | -93.3 | -84.4 | -842 | -93.0|-984| -96.1| -91.2| -96.1
59 -87.7 | -85.3 | -78.8 | -845 | -75.7 | -76.6 | -83.0 | -946 | -946 | -85.7 | -87.7 | -84.7|-975| -939| -91.0 | -98.5
60 -775|-83.8 | -846 | -80.1 | -86.9 | -744 | -774 | -856|-93.1|-839|-816| -822|-83.1| -926 | -88.8 | -101.2
61 -79.9 | -84.7 | -81.0 | -89.2 | -85.2 | -81.0 | -83.1 | -920|-845|-93.7 | -850 | -84.1|-875| -89.3| -88.0| -95.7
65 -71.2 | -79.4 | -77.1 | -75.3 | -76.4 | -80.1 | -78.1 | -848 |-79.8 |-82.2 |-748| -87.1|-887| -881| -84.0| -854
66 -93.3 | -88.7 | -95.8 | -85.1 | -90.3 | -85.6 | -87.8 | -100.8 | -90.8 | -97.0 | -91.6 | -102.0 | -98.2 | -99.3 | -101.5 | -102.5
68 -80.9 | -84.2 | -74.1 | -75.3 | -79.9 | -74.2 | -80.3 | -83.9 | -88.8 | -83.1 | -823 | -82.7|-929| -922| -86.4 | -92.6
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- Figure 41 — Residence 1, Channel 23

- Figure 42 — Residence 1, Channel 29

- Figure 43 — Residence 1, Channel 31

- Figure 44 — Residence 1, Channel 32




- Figure 45 — Residence 1, Channel 35

- Figure 46 — Residence 1, Channel 36
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- Figure 47 — Residence 1, Channel 38

- Figure 48 — Residence 1, Channel 39




- Figure 49 — Residence 1, Channel 41

- Figure 50 — Residence 1, Channel 42

- Figure 51 — Residence 1, Channel 43

- Figure 52 — Residence 1, Channel 47




- Figure 53 — Residence 1, Channel 48

- Figure 54 — Residence 1, Channel 49
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- Figure 55 — Residence 1, Channel 51

- Figure 56 — Residence 1, Channel 53




- Figure 57 — Residence 1, Channel 59

- Figure 58 — Residence 1, Channel 60

41

- Figure 59 - Residence 1, Channel 61

- Figure 60 — Residence 1, Channel 65




- Figure 61 — Residence 1, Channel 66

- Figure 62 - Residence 1, Channel 68



5.2 RESIDENCE 2

Residence 2 is an one-story, 3 bedroom, 3-batl)72sguare foot single family house built in 195%eThouse is
surrounded by trees as showrFigure 63 The DTV transmitters are located approximatelyr@8s away at a compass
heading of 63°. Residence 2 is at the centBiigéire 64 The line “A” shows the direction of the transkitt.

- Figure 63 — Residence 2

- Figure 64 — Residence 2 Location



The raw pilot carrier power measurements are shiovi@ble 15They range from -93.3 dBm to -58.0 dEigure 65
shows the variation by frequency channel Bigure 66shows the variation by room. The average vari@moss rooms
for a given frequency channel was 16.3 dB. The Bigvial spectrums captured in residence 2 are shioWwigure 67

through Figure 88 Many of the figures show the frequency selectading characteristic of the WSSUS channels
simulation results presented in Section 4.2.
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- Figure 65 — Residence 2 Pilot Carrier Power Variatin By Frequency Assignment
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- Figure 66 — Residence 2 Pilot Carrier Power Variatin By Room



- Table 15 — Residence 2 Raw Pilot Carrier Power Measements (dBm)

BR1 | BA1L |BR2 |[BR3 |BA2 |LR |DR | K |FR |BA3
NA | NA | NIA | NIA | N/A | N/A | NJA | N/A | N/A | NIA
-77.9 | -79.2 | -68.1 | -66.4 | -67.0 | -74.5 | -75.9 | -70.6 | -75.6 | -80.4
-68.2 | -72.4 | -67.6 | -67.4 | -62.0 | -78.1 | -70.0 | -63.0 | -71.4 | -74.2
-67.1 | -70.6 | -78.2 | -83.2 | -62.7 | -83.3 | -70.5 | -67.6 | -75.5 | -74.4
-68.4 | -84.8 | -72.7 | -66.7 | -64.6 | -79.4 | -73.7 | -71.2 | -70.2 | -76.6
-67.6 | -79.5 | -69.4 | -62.0 | -61.5 | -82.1 | -74.9 | -89.2 | -76.0 | -74.1
-68.0 | -81.1 | -68.1 | -58.0 | -69.3 | -68.6 | -74.4 | -62.1 | -65.3 | -70.5
-84.2 | -89.8 | -83.1 | -78.7 | -88.3 | -85.1 | -92.6 | -74.6 | -86.2 | -90.1
-79.9 | -85.5 | -80.5 | -73.2 | -76.3 | -85.7 | -80.5 | -77.7 | -87.6 | -86.7
-78.0 | -89.7 | -81.0 | -73.8 | -76.6 | -90.8 | -82.1 | -74.4 | -79.6 | -83.6
-78.2 | -81.7 | -76.3 | -70.5 | -70.2 | -83.7 | -76.5 | -72.3 | -78.3 | -75.2
-78.2 | -83.9 | -82.1 | -71.9 | -78.0 | -82.4 | -76.2 | -77.8 | -81.4 | -81.4
746 | -77.2 | -78.7 | -64.7 | -73.8 | -79.8 | -77.9 | -77.0 | -78.7 | -72.0
-79.8 | -77.7 | -77.8 | -66.7 | -83.3 | -80.1 | -74.2 | -75.4 | -78.4 | -76.2
-82.3 | -83.6 | -85.4 | -74.3 | -80.3 | -86.7 | -83.0 | -79.2 | -85.9 | -80.3
-87.6 | -88.8 | -84.8 | -71.9 | -77.5 | -83.1 | -80.9 | -79.7 | -84.7 | -80.1
-81.5 | -85.9 | -79.9 | -65.8 | -76.3 | -81.2 | -80.9 | -70.2 | -75.0 | -78.2
-79.3 | -75.7 | -76.0 | -74.4 | -79.8 | -73.8 | -79.1 | -69.6 | -81.0 | -75.5
-80.1 | -77.4 | -81.9 | -68.9 | -73.1 | -78.7 | -82.8 | -77.9 | -89.3 | -77.4
-73.3 | -78.4 | -78.0 | -68.7 | -76.0 | -75.6 | -70.0 | -73.0 | -70.1 | -75.3
-84.2 | -88.1 | -85.4 | -82.3 | -83.2 | -93.3 | -91.6 | -86.3 | -87.4 | -89.5
-77.7 | -70.0 | -77.1 | -70.0 | -78.9 | -76.6 | -75.5 | -74.1 | -72.2 | -81.7




- Figure 67 — Residence 2, Channel 23

- Figure 68 — Residence 2, Channel 29
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- Figure 69 — Residence 2, Channel 31

- Figure 70 — Residence 2, Channel 32




- Figure 71 — Residence 2, Channel 35

- Figure 72 — Residence 2, Channel 36

- Figure 73 — Residence 2, Channel 38

- Figure 74 — Residence 2, Channel 39




- Figure 75 — Residence 2, Channel 41

- Figure 76 — Residence 2, Channel 42
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- Figure 77 — Residence 2, Channel 43

- Figure 78 — Residence 2, Channel 47




- Figure 79 — Residence 2, Channel 48

- Figure 80 — Residence 2, Channel 49

- Figure 81 — Residence 2, Channel 51

- Figure 82 — Residence 2, Channel 53




- Figure 83 — Residence 2, Channel 59

- Figure 84 — Residence 2, Channel 60
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- Figure 85 — Residence 2, Channel 61

- Figure 86 — Residence 2, Channel 65




- Figure 87 — Residence 2, Channel 66

- Figure 88 — Residence 2, Channel 68
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5.3 RESIDENCE 3
Residence 3 is an one-story, 3-bedroom, 4-baté7 Zquare foot single family house built in 1958e house is shown in

Figure 89The DTV transmitters are located approximatelyrl@s away at a compass heading of 63°. Resideizat
the center oFigure 64 The line “A” shows the direction of the transksitt.

- Figure 89 — Residence 3

- Figure 90 — Residence 3 Location

The raw pilot carrier power measurements are stiowirable 16 They range from -104.7 dBm to -82.3 dEmigure
91 shows the variation by frequency channel Eigure 92shows the variation by room. The average variaionss



rooms for a given frequency channel was 10.3 dB.D'RV signal spectrums captured in residence $taven inFigure

93 throughFigure 114Many of the figures show the frequency seledting characteristic of the WSSUS channels
simulation results presented in Section 4.2.
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- Figure 91 — Residence 3 Pilot Carrier Power Variatin By Frequency Channel
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- Figure 92 — Residence 3 Pilot Carrier Power Variatin By Room



- Table 16 — Residence 3 Raw Pilot Carrier Power Measzments (dBm)

BR1 BAl LR BA2 DR K FR BA3 BR2 BA4 BR3
N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
-86.6 | -906 | -850 | -875 | -854 | -857| -855 | -88.7 | -86.6 | -87.5 | -86.0
-828 | -885 | 851 | -852 | -87.3 |-832| -874 | -883 | -90.1 | -88.0 | -85.2
-844 | -83.2 | -86.3 | -87.1 | -91.3 | -856| -825 | -89.3 | -90.6 | -93.3 | -84.8
-845 | -938 | -90.2 | -87.3 | -87.1 | -826| -93.2 | -88.7 | -90.5 | -91.0 | -84.6
-869 | -956 | -87.4 | 931 | -90.8 | -86.1| -848 | -86.4 | -89.8 | -87.9 | -94.0
-90.6 | -90.0 | -90.4 | -82.3 | -86.5 | -883| -86.9 | -909 | -89.3 | -87.3 | -86.5
-102.1 | -100.1 | -102.0 | -101.5 | -103.0 | -99.0 | -102.1 | -101.7 | -98.5 | -104.7 | -101.3
-104.1 | -96.2 | -99.6 | -98.7 | -100.3 | -99.7 | -98.,5 | -91.8 | -102.9 | -100.7 | -93.5
-98.6 | -100.3 | -101.4 | -96.0 | -101.5 | -86.6 | -101.8 | -95.9 | -99.6 | -102.4 | -100.2
-923 | -97.1 | -99.2 | -90.8 | -95.2 | -89.2 | -984 | -93.1 | -942 | -96.0 | -97.1
-95.8 | -100.6 | -95.0 [ -985 | -99.6 | -91.5| -974 | -944 | -96.9 | -99.7 | -95.6
-87.4 | -103.7 | -92.7 | -94.6 | -93.2 |-98.3| -97.2 | -98.1 | -100.6 | -95.6 | -95.8
-995 | -101.7| -97.3 | -929 | -953 | -96.0 | -95.6 | -101.3 | -954 | -99.1 | -103.6
-984 | -955 | -98.2 | -96.8 | -101.5 | -98.4 | -102.5 | -99.7 | -95.7 | -96.8 | -103.9
-969 | -986 | -98.6 | -98.1 | -939 | -906 | -96.4 | -98.2 | -993 | -96.4 | -92.0
-944 |-1004 | -98.6 [ -91.9 | -984 |-929 | -1009 | -99.7 | -955 | -99.7 | -94.3
-93.3 | -87.0 | -96.5 | -926 | -93.2 |-91.2| -949 | -89.6 | -96.4 | -93.8 | -955
-101.2 | -974 | -97.8 | -97.3 | -97.0 | -924 | -99.0 | -91.0 | -99.4 | -100.3 | -99.2
-92.2 | -96.2 | 915 | 924 | -858 | -852| -906 | -90.6 | -921 | -94.2 | -92.1
-103.7 | -104.5 | -103.9 | -101.7 | -103.9 | -93.1 | -99.9 | -99.1 | -104.2 | -102.7 | -103.3
-940 | -904 | -93.0 [ -93.3 | -936 |-854 | -958 | -943 | -93.3 | -93.6 | -98.8




- Figure 93 — Residence 3, Channel 23 - Figure 95 — Residence 3, Channel 31

- Figure 94 — Residence 3, Channel 29 - Figure 96 — Residence 3, Channel 32



- Figure 97 — Residence 3, Channel 35

- Figure 98 — Residence 3, Channel 36
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- Figure 99 — Residence 3, Channel 38

- Figure 100 — Residence 3, Channel 39




- Figure 101 — Residence 3, Channel41

- Figure 102 — Residence 3, Channel 42

- Figure 103 — Residence 3, Channel 43

- Figure 104 — Residence 3, Channel 47




- Figure 105 — Residence 3, Channel 48

- Figure 106 — Residence 3, Channel 49
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- Figure 107 — Residence 3, Channel 51

- Figure 108 — Residence 3, Channel 53




- Figure 109 — Residence 3, Channel 59

- Figure 110 — Residence 3, Channel 60

- Figure 111 — Residence 3, Channel 61

- Figure 112 — Residence 3, Channel 63




- Figure 113 — Residence 3, Channel 66

- Figure 114 — Residence 3, Channel 68
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