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1. Abstract

Distributednput-DistributedOutput (DIDO) wireless technology is a breakthrough approach that allows
each wireless user to use the full data raté shared spectrum simultaneously with all other users, by
eliminating interference between users sharinget same spectrum. With conventional wireless
technologies the data rate available per user drops as more users share the same spectrum to avoid
interference, but with DIDO, the data rate per user remains steady at the full data rate of the spectrum
as moreusers are added.

As a result, DIDO profoundly increases the data capacity of wireless spectrum, while increasing reliability
and reducing the cost and complexity of wireless devices. DIDO deployment is far less expensive than
conventional commercial wirets deployment, despite having vastly higher capacity and performance,
and is able to use consumer Internet infrastructure and indoor access points.

The potential of DIDO is to have unlimited number of simultaneous users, all streamindeffiiigition

video, utilizing the same spectrum that a single user would use with conventional wireless technology,
with no degradation in performance, no dead zones, no interference between users, and no reduction in
data rate as more users are added.

DIDO works indoor/owdoor for urban/suburban applications at distances of several miles, and for rural
applications, DIDO works at distances up to 250 miideésan/suburban latency is suhillisecond.

This paperdescribes how DIDO is dramatically different than conventiorieg¢less technology, how
DIDO works, what we have running so far, and the rloaving applications DIDO makes possible.

We believe that DIDO wireless will completely transform the world of communications and far more.

2. Background

Whenever there is more thaane wireless transmission within range of another, there is the potential
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while driving a long distance: as you drive outtief range ofone station, you maybegin to hear
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another station that you are approaching. The two stations might duel it out for a bit, where you
alternate between oneand the other, but at some point you only hear the new station as you drive
beyond the range of the first station.

Radio Station 1 Radio Station 2

Of murse, suchradio stationinterference situations are rare because commercial stations at the same
frequency arecarefullylocated far apart with limited transmission powand each is broadcasting one
signal to many usersso,during the broadcast era dhe previous centuryspacing out radio and TV
stations and limiting their power output was a good solution to address wireless interference.

With the introduction of cellular phoneshe interference situation became far more complicated. Now,
with a large number of users simultaneously receiving and transmitting independent communications, it
was hecessary to subdivide each region into cglisicallya mile orlessin diameter with the cellular
towers laid out such that adjacent cells were at different frequendhest did not interferewith each
other. As a mobile phoneser moved from one cet & Nb ah@HRIQ,at would switch frequencies
andd K I y Rto tBeTn&vé cell. So long as the usestayedwithin the range of at least oneell tower,

they would not lose a connection.

But as mobile usage grew exponentially, both in number of users and the amount of data, it began to tax
the cellular system. Improvements were made, such as dividing &ella ie into sectors, and utilizing
more advanced digital transmission techniques such as MIMO. But, despite these advancesgcallgiven
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sectorhad a limiteddata ratecapacity, shared bgll users in that cell sector. And, once tlukita rate
capacity vas reached, users would not get tldata ratethey needed, resulting in dropped calls and
slow and/or unreliable Internet communications. Although more spectrum and more cellular towers are
being added to alleviate the situation, the demand fagher dataratesis growingat an evenfaster

pace particularly as wireless video is becoming the majorityiofless data traffic

Therealsohas been exponential growth of consumer wireless systems such-&s Whike commercial
cellular systems where placemeif towers, sectorization, power and frequency use is carefully
planned, most consumer Wi access points are simply connected to the Inteatedrbitrary locations

and then operatdargelyindependently. Wi-Fi is restricted to very low transmissionvper to limit its
range of interference, but nonethelesstinere are other WHFi access points (or other users of the same
spectrumsuch a Bluetooth devicgsvithin range, the WFi access points must do the best they can to
co-exist and sharedata rate among all users As there are increasingly more ¥li access points,
particularly in denselpopulated areas, like apartments or offices in cities, and as increasingly more of
the traffic is highdefinition video,users are unable toonsistentlyget thedata ratethey need, resulting

in unreliable or lowequality Web, videoor videagane experiences

The problem is mitigated somewhat by more advanced transmission techniques, such as MIMO and
beamforming, but in practice, they have not resulted incansistently reliable experience for
applicatims like video and gaming. Adding more usable spectrum, such as has been proposed in using
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exponentially, andappications like video anglideogamesequire high reliability it is unclear whether

there will be enough usable spectrum to meet user needs. And, once all of the usable spectrum has

been alocated to consumer devicest is effectively impossibleto recover that spectrum as new
technologies evolvehiat can use it more efficientiye run the risk of allocating all of the usable

spectrum, but still not having enough.

3. { LISOGNHzyYy OF LI OAGe YR {KlIyy2yQa [ ¢

Ultimately, the reason we are limited imultiuser spectum capacity using conventional wireless
G§SOKYAljdzS&a A& R dafichdefinesthk makiyhany @nadunt[of eerdiree data ratethat
can be transmittedhrough a singlecommunicationschannelfor givenamount of spectrumand noise
levelo 6 KS G OWIDIOMHzIe ¢ 2F GKS OKIyySto

For example, a cellular sector (which may span a kilometegssentiallya single channel whose
maximumdatarateA a f AYAUSR o0& {KlIyy2yQa [l¢Z IYyR FEf 27
data capacityAs another gample, allf the users in overlapping Wi networks at the same frequency

share the Shannctimited data capacity

Approaches like MIMO (e.g. 802.11n and LTE) or beamforramigcreasethe shareddata ratelimit by

a factor ofabout 3Xto 4X in certén situations, but these incremental improvemeraee overwhelmed
by the exponential growth of simultaneousigh-data rate userswe have seen in # last decade,
resulting in increasingly mongsers sharingimited channedata rate
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Asmore usersin a given area share the same wireless spectrum,déia rate per user declinesSo,
GAUK O2y @SyiGAz2ylf 6ANBf Saa aeéadsy-asErdafakdtedsynbrg Qa [ | ¢
users are added in a given area.

4. What is DIDO wireless?

Distributed-Input-DistributedOutput (DIDO) wireless technology is a new approach to multiuser
wireless that allows the number and density of users in the same area to be steadily increased without
additional users reducing thdata rateof others. In other words,he shared spectrum capacity is not
dadzo2S0G G2 {KIyy2yQa fléY | a Y2NB dza SNhdatagatel 3IA DS
per user does not decline. As a result, regardless of how many users are in a given area, each user is able

to use the entire Shannon Limit of the channel, despite sharing the same spectrum.

We do not know of aheoretical limitationto how many users we can add toDdDOsystem without a
degradation indata rate per user There certainly will be practical limiations with each eraof
technologyevolution, but we have not yatome close tahem. So farasg S Q@S Ay ONBIF aSR G KS
simultaneous useri the same area to 1Qimited just by the number of hanbuilt radios we haveyve

have not seerany degradation in pdormance S, while our demonstratedspectral capacityoday is

10X the Shannon Limit,exexpect we can get to 100X, and are optimistic that 1000X is achietaltle.

until we start to seesome degradation in performance as we add more users, we will not be able to

predict how far it can go.

DIDO wireless havany other advantages angsefulpropertiesbeyond eliminatinglata ratereduction

among users isharedspectrum Some aralescribedbelow after the explanation of hodIDOworks,

but other wireless behaviors unique to DID@cluding the most intriguing onesare still being
studied.We have observed wireless phenomena that we do not believe haen seen before that will
take timetounded G F YR YR R20OdzySyido { il & {dzySRX

5. How does DIDO wireless work?

We have found the easiest way to explain how DIDO works is to startawithy simplified description

of a wireless system that we are all familiar witonsumer WiFi. We will explainroughly how Wi-Fi
works, and then show how DIDO works differently if theRiVaccess points are replaced with DIDO
access pointdHere goes:

a. A simplified example of multiuser Wi

When a single usditJser ], in blug with a computerconnects to a single Wi acess pointl (AP1, in
blue) and there are no other users of the spectrum (e.g. no otheFyBluetooth or other devices that
sharethe same spectrum) in the area,Uker1 is within optimal reaclfthe blue circlepf the WiFi APL,
the wirelessconnection process is not only relatively simple, butadn beas reliable as a wired
connection and User 1 receives 100% of tfeta rateavailable in the channel

Rearden LLC Patents/Patents Pending 4



100%
Data Rate

Websites

The Internet

The followingis a highly simplified description of haive user watches video from a&ebsite on their
computer over Wi User 1 clicks on a link oa websitel to request avideo stream, the website sends
the data for that video to AR, then AP1 modulatesthe data(i.e. creates a waveform that contains the

data) asa radio signaknd ransmits that radio signal through the aidser & 02 Y LJdzi SNJ NS OS A

radio signal, demodulates the data, and plays back the video.

So long a®ser 1stays within optimal range of APand nothing else uses the spectrum, the video will
play on uninterupted, just as if it were going over a wir€ontrary to what we often experience in
practice, wreless isactually highly reliable when there is a good connection and no other devices
competing for the spectrumBut as soon as others devices start conipgfor the spectrum, then it
becomes increasingly diffiit to maintain a reliably high data ratmnnection.

C2NJ SEI YLX Sz (irf gdeédnfusing ARRZgreen, avthNyjfeen circle showing rangedth within
wireless range of User 1 and ARe.g.f S (i QUser 4 @l User 2 are next doir each otherin an
apartment building). If both AP 1 and AP2 are used simultaneously at the same freqemcihe Wi-
Fi communicationprocess starts out the same, but it endswayy differently:

User 1 clicks avideolink on website 1 andUser 2 clicksa videolink onwebsite 2, the video data from
websitel is sent to AP 1 and the video data from website 2 is sent to AP 2, each ARe®d radio
signal with thevideo data and tries to transmitthii NJ RA 2 aA 3yl f & . dzi XA (G Qa
AP quickly discoverthere is something interfering with its transmission: Té using the same
spectrum.Consider the following figure.
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Websites

The Internet

Interference caused by the 2 simultaneous-FiiransmissiodA A &4 a4 K2 gy @&&Bhassevbl@B R & - €
techniques to deal with interference, but the net effect is that they all share the channel, and as a result,
NBRdzOS SI OK dzaSNRa RIFEGF NIXdSe® C2N G6KS &ar1$S 2F SE
shaing works, with each user taking turrfstst User 1 uses the spectrum while User 2 stands by idle:

50%
Data Rate

Websites

The Internet

Then User 2 uses the spectrum while User 1 stands by idle:

Websites

=

50%
Data Rate

The Internet
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If we assume the protocol divides up the spectrum evenly between the two APs, then each user
optimallywill get 50% of the available bandwidtBo, whertwo Wi-Fi users are in range, each user loses
half of thedata ratethey would have had alonés we add more users and APs at the same frequency
within range of Users 1 and 2 and APs 1 and 2; the see a steady decline in availatibta rateper

use.

Websites

The Internet

For example, if we add User 3 and AP 3 (purple) near Users 1 and 2 and APs 1 and 2, using the same
spectrum, they will all interfere, and so, they will need to each take turns, and each wijen83% of
the data rate This is illustrated on the next page.
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The following three Figures show how each User and AP takes a turn, as the other two Users and APs sit
idle:

33%
Data Rate

Websites

The Internet

Websites
=
—=

33%
Data Rate

|
l

The Internet

33%
Data Rate

Websites

The Internet
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And, the problem only grows worse with more users. In a city building,dommon to see 25 i
networks or more listed on a user device. If all of the networks are sharing the same spectrum optimally,
each user will only get 1/95(4%) of thedata rate As users are addethe data rateper user steadily
decreases.

The reaon that this happens is all of thisers and APs are sharing the same channel, whaterateis

f AYAGSR 0@ $oKifithéng arg 10 diserp, theéndptimally, thata rateper user is the Shannon
Limit divided by 10. If there are 100 users, tlieis the Shannon Limit divided by 1,Gdhd so on(Again,
this is a highly simplified description of how-Wiworks, buteven so, this is a rough estimate of the
expected losef data rateper user as more simultaneous users are added.)

b. A simplified ex@nation ofDIDO

[ SGQa 6Ff]1 GKNRdAzZAK (KS &l Yrbacc@ds pomntsjiwd Wil uselBIDONaEcésE S NJ (i
points, startingwith User 1 and AP 1. Here goes:

When User 1(in blue) clicks on a link on a website 1 tequesta videostream the vicko data from

website 1 is NOT sentto ARidgrayt @ 2 dzQf t a4SS gKe& Fff (KRathetitis I NB |
sent to a DIDMata Center (in gray)that supports AP1 and User 1. The DID&2a Centethen processes

the data modulatesit into a radio signalvaveform and sends the waveform to AP 1, which simply sends

the waveform to its antenna and transmitsas a radio signa] & S Ncbmp@er then receivethe radio

signal(small blue circle why it is small is explained belongemoddates thewaveform intodata and

plays back the video. Squite differently than Wi-Fi, whereAP 1 receives data directly from website 1

and modulates the data into a radio signal waveform, with DIDO, the radio sighal waveform is computed

in a DIDMata @nter, andall theDIDO AP does is tramit the radio signal waveform.

100%
Data Rate

/

DIDO
Data Center

Websites

The Internet

[ §GQ& y2¢ (gRdR)ardAP Jabdgry they are all gray because i R2S&ay Qi Y (G S|
user owns which APYThis is where it gets interesting.

When User 1 and User 2@aclick orvideolinks, respectively, on website 1 and 2, both websites send
the video daa to the DID(Data Center Thedatafrom the two websites isombined andorocessed in
the DIDOData Centeto result intwo radio signal waveform@ach quite diffeent than the other) and
onewaveform issentthrough the Internetto AP 1 and the othewaveform sento AP 2.Thert and this
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is very important AP land AP doth transmit theirrespectiveradio sgnal waveforms simultaneously.

Because bottAPsare transnitting at once, the 2 radio signals collidekmith] & SNJ mQa 02 Y LJdzi S N.
A SNJ HQa, reQativgLijziics bdmputer receing the sum of thetwo radio signals aeach

O2YLJzi SNR& LI NI AOdzZ  NJ £t 20F0iA2y Ay &aLl OSo

100%
Data Rate

DIDO

= Data Center Websites
===
=
[
100%
Data Rate [
The Internet

Normally, when you have two vedifferent radio signals collidingith each other, the result is one
stronger signal overpowering the other (as in the radio station example given irBéokground
section, or just indecipherable noise from the two signals interfering with each other.

Bu, not with DIDO. Instead something rather remarkable happens: the sum of the radio signals at each

02 YLJzi SNR& f 2 Olcléah thablulateds davzfoinicarrying the - data intended for that
particularO2 YLJdzG SN {23 (GKS 4 @S paaddontaidstedSided@@ sehtiby | & SNI 1
website 1, ad the waveform received at UserQa O 2 Y LJdzi S Ndeddaty sent hyyhvabsite B. S

Each computer simply demodulates the waveform and plays the video for its user.

' YREI KSNBQ& G KS whHafehch tisér receWesiisiial theylwdld Mave received if they
had the channel to themselves, without another user sharing the same spectrum. There is no
interference from the other userach user is able to utilize the full Shannon Limit of the channel
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If we now go up td users and3 APs, the same process occuldl.3 users click on links cBwebsites,

and all3 websites send their data to the DIC@ata Center The DIDMata Centelprocesses the data

and creates3 distinct waveforms and sends thera APs 1 througB. All3 APs transmit their respective
waveforms simultaneously, and &lisum together at each of th8 computers of the3 users. And, the
resulting sum othe 3 radio signalsait each of the3 computers is a clean modulated waveform camngyi

the data intended for that computer. So, User 1 receives the data from website 1, User 2 from website
2, User 3 from website 3.

Each user receives what they would have received if they had the channel to themselves, without any
other user sharing thesame spectrumThere is no interference from the other users, so each user is
able to utilize the full Shannon Limit of the channel. Pretty cool.

The exact same process applies to 5 Users and 5 APs, connecting to 5 different websites, as shown in the
figure below.There is nanterference among the 5 Users, and all 5 Users get the benefit of 100% of the
datarate2 ¥ GKS OKIyySfts> YR Al R2SayQd YIGGSN 6KSNS
Each user gets the data from the website they are connected to through an independent wireless
channel.
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