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IEEE 802.16

Date: December 2001

* Original Fixed Wireless Broadband Air
Interface for 10 — 66 GHz

 Line-of-sight only, Point-to-Multipoint
Applications



IEEE 802.16a

Date: January 2003

 Extension for 2-11 GHz

« Targeted for non line of sight, Point-to-
Multi-Point applications like “last mile”
broadband access

- OFDM
- OFDMA



Point to Multi-Point Links
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IEEE 802.16d
IEEE 802.16-2004

 802.16 Revision PAR for 802.16 &
802.16a to add WiMAX System Profiles
and Errata for 2-11 GHz in support of
802.16e requirements

PAR : Project Authorization Request
WIMAX: Worldwide Interoperability for Microwave Access



IEEE 802.16e-2005

Date: October 2005

« Amendment for Mobile wireless

broadband up to vehicular speeds in
licensed bands from 2-6 GHz

 Enables roaming for portable clients

(laptops) within & between service
areas (Handover)






Orthogonal Frequency-Division
Multiple Access

Original Work

Sari H., and Karam, G., .Orthogonal Frequency-Division Multiple Access and its
Application to CATV Networks,. European Transactions on Telecommunications (ETT),
vol. 9, no. 6, pp. 507.516,

Nov.. Dec. 1998.

Krista S. Jacobsen, John A.C. Binghamfand John M. Cioffi ,Synchronized DMT for Multipoint-to-point
Communications on HFC Networks, IEEE Global Telecommunications Conference, 1995



Downlink ( DL ) | Uplink (UL)

BS
BS
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Synchronization

16a OFDMA

8.5.10.1.2 SS synchronization

For any duplexing, all SSs shall acquire and adjust their timing such that
all uplink OFDM symbols arrive time coincident at the Base-Station to a
accuracy of +/. 25% of the minimum guard-interval or better.



OFDMA Concepts
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Time Slot (One OFDM Symbol)
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Time Slot (One OFDM Symbol)
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Time Slot (One OFDM Symbol)
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Time Slot (One OFDM Symbol)
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IEEE 802.16a OFDMA Carriers

N=2048
>
e (A HARHRAEAA
DC Null
N 2
\ subchannels 3
7 )
N subcarriers 48
1702
Nused

Number of Data Carriers 1536

Number of Pilots 166



Subchannel 1 Subchannel 2 Subchannel 3
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Partitioning of Data Carriers into Subchannels (DL)

carrier(n, s) = N

i . pod r 1
subchannels = ™ 7T 'ps[nmﬂa’[f‘-’ }] +IDL"€H ceil[(n+1)/ N

, - AT r
ubchannels subchannels ”“’ﬂ"l*"""submmms}

r _  {3,18,2,8,16, 10, 11, 15,26, 22, 6, 9, 27, 20, 25, 1, 29,
WPermutationBaseg: 7 51 5 28 31,23,17, 4. 24,0, 13, 12, 19, 14, 30}

5 : . . T _
s 1s the index number of a subchannel. from the set [0.. N (subchannel)s 1]

. e : _ ) )
n 1s the carrier-in-subchannel index from the set [0.N_,, ., :oro~1]

carrier(n, s) 1s the carrier index of carrier » in subchannel s



IDgen=2

Subchannel = 2

n Carrier n Carrier
0 18
1 44 gg ggf Subchannel
§ $$3 26 848

27 864

7 —

g }gﬁ gg gg; Nsubcarriers =48
6 200 30 964 -
7 235 31 1002
8 285 32 1044
9 310 33 1070
10 347 34 1103
11 355 35 1139
12 415 36 1182
13 425 37 1210 f
14 471 38 1226 n
15 487 39 1261
16 542 40 1311
17 545 41 1336
18 601 42 1373
19 627 43 1381
20 646 44 1409
21 698 45 1451
22 706 46 1497
23 751 47 1513
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OFDMA Subchannel Index

O©QooO~NOOTA~,WN-—-~O

OFDMA Symbol Index

k-2 k-1 k k+1 k+2 k+3 k+4 k+5 k+6 k+7 k+8 k+9 k+10 k+11 k+12
n n+12 n+24
N+ A n+13 #1125
n+2 / | nt14 / | n+26
n+3 / n+15 / n+27
n+4 / n+16 / n+28
n+5 n+17 n+29
n+6 n+18 n+30
n+7 / n+19 / n+31
nt8 |/ n+20] / n+32
nt9 | / n+21| / n+33
n+10[ / n+22| / n+34
n+11 n+23 n+35

o

Numbers n, n+1, n+2,... in the boxes indicate indices on FEC blocks
which are transmitted on the indicated subchannel in the indicated

symbol.

Data Region




Sub-Channels

*Active carriers are divided into subsets of carriers

*N.=2048

*Each subset is termed a subchannel.
*In the DL, a subchannel may be intended for different (groups of) receivers.

*In the UL, a transmitter may be assigned one or more subchannels, several
transmitters may transmit in parallel.

*The carriers forming one subchannel may, but need not be adjacent.

Subchannel 1 Subchannel 2 Subchannel 3
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Tabhle 116ca—OFDMA DL carrier allocations

Parameter Value
Number of dc camers I
Number of guard camers, left 173
Number of guard carmers, right 172
N__ .. Number of used camers 702
HEEA
Total number of camers 2048
N orLoe Pilots 142
Number of fixed-locahon pilots 32
Number of vanable-locaton pilots which 8
comeide with hixed-location pilots
Total number of pilots® | 66
Number of data carners 536
32

N subchannels

hY 48

' ."\-.'l'nr:' i 'I'l'."."n'.l".".'l

Number of data carners per subchannel 48

BasicFixedLocationPilots P39 260, 3300 342 351, 322 636, 645 651, TO8, 726,
7h0, 792 849 835 918, 1017, 1143, 1155, 1138, 1185,
[2006, 1260, 1407, 1419 1428, 1461, 1530 1545, 15372,

[ 7]}

PermutationBase | {3,18,2 8 16,10, 11, 15, 26,22 6,9, 27,20, 25 1, 29,
7,21,5,28,31,23, 17,4, 24,0, 13, 12, 19, 14, 30}

MVanable Location Pilots which coincide with Fixed-location Pilots are counted only once in this value,



16a OFDMA Carrier Allocations

Nyseq =Nger minus DC and Guard Carriers

For UL and DL used carriers are: allocated pilots and
data carriers.

In DL pilot tones are allocated first, remaining carriers
are subchannels used exclusively for Data

In UL the set of used carriers are partitioned into
subchannels and then the pilot carriers are allocated
within each subchannel.

In DL there is one set of common pilot carriers.

In UL each subchannel contains its own set of pilot
carriers.

Why, because the BS DL is broadcast to all SS’s, but in
UL, each subchannel may be transmitted from a different
SS (to BS).



Uplink Transmitters

SS’s

h4(n)
NEFT ‘ i
User 1 Add
iFFT —» DAC RF

SubChannels —» — Cyclic Prefix |
Carriers

N W T rq(n)+...+r(n)+..ry(n)
. f; hi(n) ¥
° NFFT RF ADC |—» Baseband
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Adapted with modifications from:

S. Manohar, V. Tikiya, D. Sreedhar, and A. Chockalingam

“A Multiuser Interference Cancellation Scheme for Uplink OFDMA’”,

Department of ECE, Indian Institute of Science, Bangalore 560012, INDIA, 2006 IEEE
—
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Downlink Map (DL-MAP) message
802.16

6.2.2.3.2 Downlink Map (DL-MAP) message

The DL-MAP message defines the access to the downlink information. If the length of the DL-MAP
message is a nonintegral number of bytes, the LEN field in the MAC header is rounded up to the next
integral number of bytes. The message shall be padded to match this length, but the SS shall disregard the
4 pad bits.

A BS shall generate DL-MAP messages in the format shown in Table 15, including all of the following
parameters:

PHY Synchronization

The PHY synchronization field is dependent on the PHY specification used. The encoding of this

field is given in each PHY specification separately.

DCD Count

Matches the value of the configuration change count of the DCD, which describes the down burst
profiles that apply to this map.

Base Station ID

The Base Station ID is a 48-bit long field identifying the BS. The Base Station ID shall be
programmable. The most significant 24 bits shall be used as the operator ID. This is a network
management hook that can be combined with the Downlink Channel ID of the DCD message for
handling edge-of-sector and edge-of-cell situations.

Number of Elements

The number of information elements that follows.

The encoding of the remaining portions of the DL-MAP message is PHY-specification dependent and may
be absent. Refer to the appropriate PHY specification.
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Downlink

Base Station
MAC

Configuration DL Frame Prefix

Multiple Users Registers
Data DL-MAP Message

UL-MAP Message
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Table 116bm—OFDMA DL Frame Prefix

Svntax Size Notes
DL Frame Pretix Format() |
Rate 1D 4 Ints
Reserved 3 ats
DL Information Message Rectangle( ) |
No (OFDM_Symbols [0 bats
No_subchannels o ts

Prefix_C58

8 hats

+«— Max 32



Table 116a0—0OFDM Rate ID encodings

SR RS.CC rate
0 QPSK 1.2

| QPSK 3/4

2 16-QAM 1/2

3 [6-00AM 3/4

1 64-0AM 2/3

5 G4-0AM 3/4

15 Reserved




DL Frame Prefix | Beginning of DL-MAP Message

Figure 128aw—5tructure of the first FEC block in OFDMA



DL-MAP Message Format

Table 15—DL-MAP message format

Syntax Size Notes
DL-MAP Message Format() |
Management Message Type =2 8 bats
PHY Svnchronization Field Varable see appropriate PHY speaitication.
DCD Count 8 bats
Base Station 1D 48 bats
Number of DL-MAP Elements n 16 Iats

Begin PHY Speaihic Secthion |

See appheable PHY section,

for(r=1;1 n; i+t

For each DL-MAP element 1 o a.

DL MAP Intormation Element()

Variable

See corresponding PHY specification.

it 1 byte boundary ) |

Padding Nibble

4 Ints

Paddimg to reach byte boundary.




OFDMA DL-MAP Information Element Format

Table 116bp—OFDMA DL-MAP_Information_Element format

Syntax Size Notes

DL-MAP Intformaton Element{) {

DIUC 4 nts

it (LITUC 15) |

Extended DIUC dependent IE variable AAS DL IE()
! else !

OFDM Symbaol offset 10 nts

Subchannel offset O bts

No. OFDM Svmbols 10 nts

Mo, Subchannels G bats
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UL-MAP Message Format

Table 17—UL-MAP message format

Syntax Size Notes
UL-MAP Message Format() |

Management Message Type =23 8 nts

Uplink Channel 11D 8 nts

UCD Count 8 nts

Number of UL-MAFP Elements n L6 Ints

Allocation Start Time 32 Ints

Begin PHY Specihe Sechon | See appheable PHY section.

tor (1= 1; 4 n, i) | For cach UL-MAP element | to n.
UL MAP Information Element() Vanable See corresponding PHY specification,




OFDMA UL-MAP Information Element Format

Table 116bt—0OFDMA UL-MAP Information Element format

Syntax Size Muotes

LUL-MAP Information Element() |

CID 16 bats

vnc 4 Tats

if (UTUC = 4) {

CDMA Allocation TE() 52 bats
else it (UILIC 15)4
Extended UIUC dependent 1E varable Power Control 1E() or
AAS UL IE()
} else |
OFDM Symbaol offset 9 Tats
Subchannel offset 5 nts
Boostine 2 hits 00 normeal (not boosted);
= O1: +odB; 10 —6dB; 11: not used.
Mo, OFDM Svmbols 9 Ints
Mo, Subchannels 5 Ints

Reserved 2 ats
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Uplink Interval Usage Code

Table 116bu—0OFDMA UIUC values

Ui Usage

Reserved

Ditterent burst profiles

MNull Intformatnon Element

BW request, periodic rangimg

lmihal ranging

Reserved

CDMA Allocation Intormation Element

Extended UL




CDMA Allocation IE Format

Table 116bv—CDMA Allocation Information Element format

Syntax Size Notes
CDMA Allocation 1E() |

Rangine Code O bats

Ranging Symbuol [0 bats

OFDM Symbaol offset 5 bats

Subchannel offset G bats

No. OFDM Symbaols b bats

No Subchannels G bats

Rangine subchannel O bats

BW request mandatory | bat | = ves, 0= no
Reserved 3 bats




Ranging

In OFDMA it is required that all transmissions from various mobile subscriber station (MSS) should arrive at the base
station (BS) at the same time.

During start of initial ranging (process of establishing

synchronization), the timing offset between the mobile subscriber station (MSS) and the base
station (BS) is more than the round trip delay (RTD), which is quite high and additionally, the
system may have frequency offsets. Another challenge is that the MSS does not know what
power level is to be used for transmission. It starts transmitting with the least power and waits
for a response from the BS; if the BS has received the transmission from the MSS then it
transmits back a ranging response to the MSS. If the transmission is lost then the MSS restarts
the ranging process at a higher power level, which increases interference. In OFDMA system
[7], we use code division multiple access (CDMA) codes to improve the system efficiency in
detecting the new user. A new MSS will transmit this CDMA code, which the BS should
detect.

The MSS’s, which are distributed all over the cell, receive data at different instant of time and similarly transmit data at
different instant of time depending on their distance from the BS. A MSS at the cell boundary receives data quite late
and transmits data very early when compared with MSS close to the BS.

When a new MSS is seeking entry into the network, its distance, with reference to the BS, is
not known hence the RTD is not known. The MSS does not have any idea as to what time or
power should be used for transmitting the initial signal. This is the BS’s job to detect this new
MSS, find the misalignment between the new MSS and the network, and then send response,
to correct it.

M Shakeel Baig , “Signal Processing Requirements for WiMAX (802.16e) Base Station”, Signal Processing Group,
Department of Signals and Systems, Chalmers University of Technology, Géteborg, Sweden, 2005



Initial Ranging

An OFDM system performance highly depends on synchronization between the transmitter and the receiver. When a
new SS or MSS is trying to enter a network, it is not synchronized. Hence it tries to achieve coarse synchronization
by listening to the transmissions from the BS, and then starts transmitting to achieve fine synchronization. The MSS
starts transmission by the least possible power, each time increasing it by a level, if nothing is heard back from the
BS. The BS is to detect the new MSS and calculate the time offset, frequency offset and power offset, then reply
back to the MSS to correct its transmitting parameters before transmitting data. The process goes on (maximum 16
number of times) until the MSS has achieved synchronization. This process of obtaining synchronization and logging
onto the network is known as initial ranging.

Cross-correlation in time domain

The CDMA code (defined in frequency domain) which is used for ranging is defined such that it has very good
autocorrelation properties. This fact is harnessed in detection of the timing offset. The received signal in time
domain is stored and cross-correlation is performed between the received signal and different predefined CDMA
codes (to know which code was transmitted) in time domain. For the same code we get a correlation peak, index
of which gives the time offset. In presence of multipath, we get many peaks corresponding to each multipath
signal.

Ref: M Shakeel Baig



Ranging
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Example:

Symbol Time: 64 usec

FFT Length: 2048

Sampling Rate 32 MHz

Cell Radius 20 km

Max Round Trip Delay RTD: 133 usec

RTD from SSs can be anywhere up to 133 usec.

Must process time window of 133+64 usec.

This corresponds to 6304 complex samples.

CDMA code is 144 bits long in Frequency Domain.

Number of codes 256 (16e)

Using 2048 point FFT this corresponds to 2048 complex samples in the time
domain.

Reference:
M SHAKEEL BAIG ,”Signal Processing Requirements for WiMAX (802.16e) Base Station” Signal Processing Group,
Department of Signals and Systems,Chalmers University of Technology



Cross Correlation Processing at BS

L] D | |
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Ranging

The SS, after acquiring downlink synchronization and uplink transmission parameters, shall
choose randomly a Ranging Slot (with the use of a binary truncated exponent algorithm to avoid
possible re-collisions) as the time to perform the ranging, then it chooses randomly a Ranging
Code (from the Initial Ranging domain) and sends it to the BS (as a CDMA code).

The BS cannot tell which SS sent the CDMA ranging request, therefore upon successfully
receiving a CDMA Ranging Code, the BS broadcasts a Ranging Response message that
advertises the received Ranging Code as well as the ranging slot (i.e., OFDM
symbol number, subchannel, etc.) where the CDMA Ranging code has been identified. This
information is used by the SS that sent the CDMA ranging code to identify the Ranging
Response message that corresponds to its ranging request. The Ranging Response message
contains all the needed adjustment (e.g., time, power and possibly frequency corrections) and
a status notification.

Upon receiving Ranging Response message with continue status, the SS shall continue the
ranging process as done on the first entry with ranging codes randomly chosen from the
Periodic Ranging domain.

USsing the OFDMA ranging mechanism, the periodic ranging timer is controlled by the SS, not the
BS.



Ranging and Automatic Adjustments Procedure

BS

[time to send next map|

Send map containing Rang-
ing Region Information

[Receive Ranging Code]
Send Ranging Response with
Time & Power Corrections
and original Ranging Code

and Ranging Slot

Status = Continue

[time to send next map]

UL-MAP

Ranging Code

RNG-RSP

Transmit randomly selected
Ranging code in a randomly
selected Ranging Slot from

available Ranging Region

Receive RNG-RSP message
with Ranging Code and
Ranging Slot matching sent
values

Adjust Time & Power param-
eters

State = Continue



Ranging Continued

BS S8
Send map containing Rang- UL-MAP
ing Region Information -

) . Transmit randomly selected
Ranging Code Ranging code in a randomly
- selected Ranging Slot from
available Ranging Region

[Receive Ranging Code]

Send Ranging Response with
Time & Power Corrections _ o
and original Ranging Code R?CQ"‘*’C RH("RH] message
and Ranging Slot RNG-RSP with Ban%mg Code _and

- = Ranging Slot matching sent
values
Adjust Time & Power param-
cters

Status = Success

State = Success



Table 116bv—CDMA Allocation Information Element format

Syntax Size Notes
CDMA  Allocation TE() |

Rangineg Code o bts

Ranging Symbol [0 Tats

OFDM Svmbaol oftfset g bats

Subchannel offset G bats

No. OFDM Symbaols b bats

No. Subchannels O bats

Rangzine subchannel G bits

BW request mandatory | bt I= yes, 0= no
Reserved 3 bnts
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Everyone is permitted to copy and distribute verbatim copies
of this license document, but changing it is not allowed.

0. PREAMBLE

The purpose of this License is to make a manual, textbook, or other functional and useful document free in the sense of freedom: to assure everyone the effective freedom to
copy and redistribute it, with or without modifying it, either commercially or noncommercially. Secondarily, this License preserves for the author and publisher a way to get
credit for their work, while not being considered responsible for modifications made by others.

This License is a kind of “copyleft”, which means that derivative works of the document must themselves be free in the same sense. It complements the GNU General Public
License, which is a copyleft license designed for free software.

We have designed this License in order to use it for manuals for free software, because free software needs free documentation: a free program should come with manuals
providing the same freedoms that the software does. But this License is not limited to software manuals; it can be used for any textual work, regardless of subject matter or
whether it is published as a printed book. We recommend this License principally for works whose purpose is instruction or reference.

I. APPLICABILITY AND DEFINITIONS

This License applies to any manual or other work, in any medium, that contains a notice placed by the copyright holder saying it can be distributed under the terms of this
License. Such a notice grants a world-wide, royalty-free license, unlimited in duration, to use that work under the conditions stated herein. The “Document”, below, refers to
any such manual or work. Any member of the public is a licensee, and is addressed as “you”. You accept the license if you copy, modify or distribute the work in a way
requiring permission under copyright law.

A “Modified Version” of the Document means any work containing the Document or a portion of it, either copied verbatim, or with modifications and/or translated into another
language.

A “Secondary Section” is a named appendix or a front-matter section of the Document that deals exclusively with the relationship of the publishers or authors of the Document
to the Document’s overall subject (or to related matters) and contains nothing that could fall directly within that overall subject. (Thus, if the Document is in part a textbook of
mathematics, a Secondary Section may not explain any mathematics.) The relationship could be a matter of historical connection with the subject or with related matters, or of
legal, commercial, philosophical, ethical or political position regarding them.

The “Invariant Sections” are certain Secondary Sections whose titles are designated, as being those of Invariant Sections, in the notice that says that the Document is released
under this License. If a section does not fit the above definition of Secondary then it is not allowed to be designated as Invariant. The Document may contain zero Invariant
Sections. If the Document does not identify any Invariant Sections then there are none.

The “Cover Texts” are certain short passages of text that are listed, as Front-Cover Texts or Back-Cover Texts, in the notice that says that the Document is released under this
License. A Front-Cover Text may be at most 5 words, and a Back-Cover Text may be at most 25 words.

A “Transparent” copy of the Document means a machine-readable copy, represented in a format whose specification is available to the general public, that is suitable for
revising the document straightforwardly with generic text editors or (for images composed of pixels) generic paint programs or (for drawings) some widely available drawing
editor, and that is suitable for input to text formatters or for automatic translation to a variety of formats suitable for input to text formatters. A copy made in an otherwise
Transparent file format whose markup, or absence of markup, has been arranged to thwart or discourage subsequent modification by readers is not Transparent. An image
format is not Transparent if used for any substantial amount of text. A copy that is not “Transparent” is called “Opaque”.

Examples of suitable formats for Transparent copies include plain ASCII without markup, Texinfo input format, LaTeX input format, SGML or XML using a publicly available
DTD, and standard-conforming simple HTML, PostScript or PDF designed for human modification. Examples of transparent image formats include PNG, XCF and JPG.
Opaque formats include proprietary formats that can be read and edited only by proprietary word processors, SGML or XML for which the DTD and/or processing tools are not
generally available, and the machine-generated HTML, PostScript or PDF produced by some word processors for output purposes only.

The “Title Page” means, for a printed book, the title page itself, plus such following pages as are needed to hold, legibly, the material this License requires to appear in the title
page. For works in formats which do not have any title page as such, “Title Page” means the text near the most prominent appearance of the work’s title, preceding the
beginning of the body of the text.

The “publisher” means any person or entity that distributes copies of the Document to the public.

A section “Entitled XYZ” means a named subunit of the Document whose title either is precisely XYZ or contains XYZ in parentheses following text that translates XYZ in
another language. (Here XYZ stands for a specific section name mentioned below, such as “Acknowledgements”, “Dedications”, “Endorsements”, or “History”.) To “Preserve
the Title” of such a section when you modify the Document means that it remains a section “Entitled XYZ” according to this definition.

The Document may include Warranty Disclaimers next to the notice which states that this License applies to the Document. These Warranty Disclaimers are considered to be
included by reference in this License, but only as regards disclaiming warranties: any other implication that these Warranty Disclaimers may have is void and has no effect on
the meaning of this License.

2. VERBATIM COPYING

You may copy and distribute the Document in any medium, either commercially or noncommercially, provided that this License, the copyright notices, and the license notice
saying this License applies to the Document are reproduced in all copies, and that you add no other conditions whatsoever to those of this License. You may not use technical
measures to obstruct or control the reading or further copying of the copies you make or distribute. However, you may accept compensation in exchange for copies. If you
distribute a large enough number of copies you must also follow the conditions in section 3.

You may also lend copies, under the same conditions stated above, and you may publicly display copies.

3. COPYING IN QUANTITY

If you publish printed copies (or copies in media that commonly have printed covers) of the Document, numbering more than 100, and the Document’s license notice requires
Cover Texts, you must enclose the copies in covers that carry, clearly and legibly, all these Cover Texts: Front-Cover Texts on the front cover, and Back-Cover Texts on the
back cover. Both covers must also clearly and legibly identify you as the publisher of these copies. The front cover must present the full title with all words of the title equally
prominent and visible. You may add other material on the covers in addition. Copying with changes limited to the covers, as long as they preserve the title of the Document and
satisfy these conditions, can be treated as verbatim copying in other respects.

If the required texts for either cover are too voluminous to fit legibly, you should put the first ones listed (as many as fit reasonably) on the actual cover, and continue the rest
onto adjacent pages.

If you publish or distribute Opaque copies of the Document numbering more than 100, you must either include a machine-readable Transparent copy along with each Opaque
copy, or state in or with each Opaque copy a computer-network location from which the general network-using public has access to download using public-standard network
protocols a complete Transparent copy of the Document, free of added material. If you use the latter option, you must take reasonably prudent steps, when you begin
distribution of Opaque copies in quantity, to ensure that this Transparent copy will remain thus accessible at the stated location until at least one year after the last time you
distribute an Opaque copy (directly or through your agents or retailers) of that edition to the public.

It is requested, but not required, that you contact the authors of the Document well before redistributing any large number of copies, to give them a chance to provide you with
an updated version of the Document.

4. MODIFICATIONS

You may copy and distribute a Modified Version of the Document under the conditions of sections 2 and 3 above, provided that you release the Modified Version under
precisely this License, with the Modified Version filling the role of the Document, thus licensing distribution and modification of the Modified Version to whoever possesses a
copy of it. In addition, you must do these things in the Modified Version:

1. Use in the Title Page (and on the covers, if any) a title distinct from that of the Document, and from those of previous versions (which should, if there were any, be
listed in the History section of the Document). You may use the same title as a previous version if the original publisher of that version gives permission.

2. List on the Title Page, as authors, one or more persons or entities responsible for authorship of the modifications in the Modified Version, together with at least five of
the principal authors of the Document (all of its principal authors, if it has fewer than five), unless they release you from this requirement.

3. State on the Title page the name of the publisher of the Modified Version, as the publisher.
4. Preserve all the copyright notices of the Document.
5. Add an appropriate copyright notice for your modifications adjacent to the other copyright notices.

6. Include, immediately after the copyright notices, a license notice giving the public permission to use the Modified Version under the terms of this License, in the form
shown in the Addendum below.

7. Preserve in that license notice the full lists of Invariant Sections and required Cover Texts given in the Document’s license notice.
8. Include an unaltered copy of this License.

9. Preserve the section Entitled “History”, Preserve its Title, and add to it an item stating at least the title, year, new authors, and publisher of the Modified Version as
given on the Title Page. If there is no section Entitled “History” in the Document, create one stating the title, year, authors, and publisher of the Document as given on
its Title Page, then add an item describing the Modified Version as stated in the previous sentence.

10. Preserve the network location, if any, given in the Document for public access to a Transparent copy of the Document, and likewise the network locations given in the
Document for previous versions it was based on. These may be placed in the “History” section. You may omit a network location for a work that was published at
least four years before the Document itself, or if the original publisher of the version it refers to gives permission.

11. For any section Entitled “Acknowledgements” or “Dedications”, Preserve the Title of the section, and preserve in the section all the substance and tone of each of the
contributor acknowledgements and/or dedications given therein.

12. Preserve all the Invariant Sections of the Document, unaltered in their text and in their titles. Section numbers or the equivalent are not considered part of the section
titles.

13. Delete any section Entitled “Endorsements”. Such a section may not be included in the Modified Version.
14. Do not retitle any existing section to be Entitled “Endorsements” or to conflict in title with any Invariant Section.
15. Preserve any Warranty Disclaimers.

If the Modified Version includes new front-matter sections or appendices that qualify as Secondary Sections and contain no material copied from the Document, you may at
your option designate some or all of these sections as invariant. To do this, add their titles to the list of Invariant Sections in the Modified Version’s license notice. These titles
must be distinct from any other section titles.

You may add a section Entitled “Endorsements”, provided it contains nothing but endorsements of your Modified Version by various parties— for example, statements of peer
review or that the text has been approved by an organization as the authoritative definition of a standard.

You may add a passage of up to five words as a Front-Cover Text, and a passage of up to 25 words as a Back-Cover Text, to the end of the list of Cover Texts in the Modified
Version. Only one passage of Front-Cover Text and one of Back-Cover Text may be added by (or through arrangements made by) any one entity. If the Document already
includes a cover text for the same cover, previously added by you or by arrangement made by the same entity you are acting on behalf of, you may not add another; but you
may replace the old one, on explicit permission from the previous publisher that added the old one.

The author(s) and publisher(s) of the Document do not by this License give permission to use their names for publicity for or to assert or imply endorsement of any Modified
Version.

5. COMBINING DOCUMENTS

You may combine the Document with other documents released under this License, under the terms defined in section 4 above for modified versions, provided that you include
in the combination all of the Invariant Sections of all of the original documents, unmodified, and list them all as Invariant Sections of your combined work in its license notice,
and that you preserve all their Warranty Disclaimers.

The combined work need only contain one copy of this License, and multiple identical Invariant Sections may be replaced with a single copy. If there are multiple Invariant
Sections with the same name but different contents, make the title of each such section unique by adding at the end of it, in parentheses, the name of the original author or
publisher of that section if known, or else a unique number. Make the same adjustment to the section titles in the list of Invariant Sections in the license notice of the combined
work.

In the combination, you must combine any sections Entitled “History” in the various original documents, forming one section Entitled “History”; likewise combine any sections
Entitled “Acknowledgements”, and any sections Entitled “Dedications”. You must delete all sections Entitled “Endorsements.”

6. COLLECTIONS OF DOCUMENTS

You may make a collection consisting of the Document and other documents released under this License, and replace the individual copies of this License in the various
documents with a single copy that is included in the collection, provided that you follow the rules of this License for verbatim copying of each of the documents in all other
respects.

You may extract a single document from such a collection, and distribute it individually under this License, provided you insert a copy of this License into the extracted
document, and follow this License in all other respects regarding verbatim copying of that document.

7. AGGREGATION WITH INDEPENDENT WORKS

A compilation of the Document or its derivatives with other separate and independent documents or works, in or on a volume of a storage or distribution medium, is called an
“aggregate” if the copyright resulting from the compilation is not used to limit the legal rights of the compilation’s users beyond what the individual works permit. When the
Document is included in an aggregate, this License does not apply to the other works in the aggregate which are not themselves derivative works of the Document.

If the Cover Text requirement of section 3 is applicable to these copies of the Document, then if the Document is less than one half of the entire aggregate, the Document’s
Cover Texts may be placed on covers that bracket the Document within the aggregate, or the electronic equivalent of covers if the Document is in electronic form. Otherwise
they must appear on printed covers that bracket the whole aggregate.

8. TRANSLATION

Translation is considered a kind of modification, so you may distribute translations of the Document under the terms of section 4. Replacing Invariant Sections with translations
requires special permission from their copyright holders, but you may include translations of some or all Invariant Sections in addition to the original versions of these Invariant
Sections. You may include a translation of this License, and all the license notices in the Document, and any Warranty Disclaimers, provided that you also include the original
English version of this License and the original versions of those notices and disclaimers. In case of a disagreement between the translation and the original version of this
License or a notice or disclaimer, the original version will prevail.

If a section in the Document is Entitled “Acknowledgements”, “Dedications”, or “History”, the requirement (section 4) to Preserve its Title (section 1) will typically require
changing the actual title.

9. TERMINATION

You may not copy, modify, sublicense, or distribute the Document except as expressly provided under this License. Any attempt otherwise to copy, modify, sublicense, or
distribute it is void, and will automatically terminate your rights under this License.

However, if you cease all violation of this License, then your license from a particular copyright holder is reinstated (a) provisionally, unless and until the copyright holder
explicitly and finally terminates your license, and (b) permanently, if the copyright holder fails to notify you of the violation by some reasonable means prior to 60 days after the
cessation.

Moreover, your license from a particular copyright holder is reinstated permanently if the copyright holder notifies you of the violation by some reasonable means, this is the
first time you have received notice of violation of this License (for any work) from that copyright holder, and you cure the violation prior to 30 days after your receipt of the
notice.

Termination of your rights under this section does not terminate the licenses of parties who have received copies or rights from you under this License. If your rights have been
terminated and not permanently reinstated, receipt of a copy of some or all of the same material does not give you any rights to use it.

10. FUTURE REVISIONS OF THIS LICENSE

The Free Software Foundation may publish new, revised versions of the GNU Free Documentation License from time to time. Such new versions will be similar in spirit to the
present version, but may differ in detail to address new problems or concerns. See https://www.gnu.org/licenses/.

Each version of the License is given a distinguishing version number. If the Document specifies that a particular numbered version of this License “or any later version™ applies
to it, you have the option of following the terms and conditions either of that specified version or of any later version that has been published (not as a draft) by the Free
Software Foundation. If the Document does not specify a version number of this License, you may choose any version ever published (not as a draft) by the Free Software
Foundation. If the Document specifies that a proxy can decide which future versions of this License can be used, that proxy’s public statement of acceptance of a version
permanently authorizes you to choose that version for the Document.

I'l. RELICENSING

“Massive Multiauthor Collaboration Site” (or “MMC Site”’) means any World Wide Web server that publishes copyrightable works and also provides prominent facilities for
anybody to edit those works. A public wiki that anybody can edit is an example of such a server. A “Massive Multiauthor Collaboration” (or “MMC”) contained in the site
means any set of copyrightable works thus published on the MMC site.

“CC-BY-SA” means the Creative Commons Attribution-Share Alike 3.0 license published by Creative Commons Corporation, a not-for-profit corporation with a principal
place of business in San Francisco, California, as well as future copyleft versions of that license published by that same organization.

“Incorporate” means to publish or republish a Document, in whole or in part, as part of another Document.

An MMC is “eligible for relicensing” if it is licensed under this License, and if all works that were first published under this License somewhere other than this MMC, and
subsequently incorporated in whole or in part into the MMC, (1) had no cover texts or invariant sections, and (2) were thus incorporated prior to November 1, 2008.

The operator of an MMC Site may republish an MMC contained in the site under CC-BY-SA on the same site at any time before August 1, 2009, provided the MMC is eligible
for relicensing.

ADDENDUM: How to use this License for your documents

To use this License in a document you have written, include a copy of the License in the document and put the following copyright and license notices just after the title page:

Copyright (C) year your name.

Permission is granted to copy, distribute and/or modify this document
under the terms of the GNU Free Documentation License, Version 1.3

or any later version published by the Free Software Foundation;

with no Invariant Sections, no Front-Cover Texts, and no Back-Cover
Texts. A copy of the license is included in the section entitled " "GNU
Free Documentation License''.

If you have Invariant Sections, Front-Cover Texts and Back-Cover Texts, replace the “with...Texts.” line with this:

with the Invariant Sections being list their titles, with
the Front-Cover Texts being list, and with the Back-Cover Texts
being list.

If you have Invariant Sections without Cover Texts, or some other combination of the three, merge those two alternatives to suit the situation.

If your document contains nontrivial examples of program code, we recommend releasing these examples in parallel under your choice of free software license, such as the GNU General
Public License, to permit their use in free software.
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