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WiMAXWiMAX , , whywhy ??

Note: crédits à J.M. Gorce et J. Verdier
Référence: « Radiocommunications numériques » - G. Baudoin
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�WiMax is the IEEE: 802.16-2004/2005 standard of radio interface defining 
MAC and PHY layers for a Base Station to terminal link.

�PHY is based on OFDM/OFDMA

�WiMAX Forum (WMF) define an end-to-end (e2e) architecture. 

�A WiMAX labeled product is certified to be compliant to the standard and 
interoperable with other certified products

� WMF takes in charge the definition and realization of certification tests

WiMAXWiMAX , , whatwhat ??

Worldwide Interoperability for Microwave Access
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source Alcatel-Lucent

TimelineTimeline
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EverywhereEverywhere ??

http://www.wimaxmaps.org/
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http://www.wimaxmaps.org/

EverywhereEverywhere ??
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User Growth ForecastsUser Growth Forecasts
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WiMAxWiMAx EvolutionEvolution

802.16 802.16 -- 20012001

802.16a 802.16a -- 20032003

802.16d 802.16d -- 20042004

802.16e 802.16e -- 20052005

802.16m 802.16m -- ??????

�Fixed wireless broadband air interface 10-66 GHz
�Line-of-sight only
�Point-to-Multipoint applications

�Extension for 2-11 GHz
�Non line-of-sight
�Point-to-Multipoint applications

�Revised version
�WiMAX system profiles
�Up to 75 Mb/s 6-15 km (20 MHz channel)

�MAC/PHY enhancements to support mobility up 
to 120 km/h
�Up to 30 Mb/s 1-5 km (10 MHz channel)

�Up to 1 Gb/s (fixed) and 100 Mb/s (high speed)
�4G convergence
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WiMAX purposeWiMAX purpose
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Different structuresDifferent structures
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source C. Townsend

Different linksDifferent links
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source IEEE Communications Magazine

ComplementarityComplementarity
WiMAXWiMAX and Mobile and Mobile WiMAXWiMAX enable a variety of usage enable a variety of usage 

models in the same network.models in the same network.
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WiMAX ambitionWiMAX ambition

WiMAXWiMAX was established to enable very high data rate was established to enable very high data rate 
broadband wireless access in variety of deployment: broadband wireless access in variety of deployment: 
Urban, Rural or even indoor.Urban, Rural or even indoor.

Moreover the terminal could have full mobility, implying Moreover the terminal could have full mobility, implying 
all problems of all problems of pathlosspathloss, shadowing and fading effects., shadowing and fading effects.

The standard is designed to be as scalable as possible.The standard is designed to be as scalable as possible.
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OSI OSI layerslayers
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802.16d (2004) : fixed
802.16e (2005) : mobile

MAC/PHYMAC/PHY

A common MAC layer applicable with different A common MAC layer applicable with different PHYsPHYs
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source IEEE Communications Magazine

Air interfaceAir interface
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Main PHY featuresMain PHY features
LOS and NLOS environmentsLOS and NLOS environments
Licensed and unLicensed and un--licensed bands below 11 GHzlicensed bands below 11 GHz
Flexible channel bandwidths: 1.5 to 20 MHzFlexible channel bandwidths: 1.5 to 20 MHz
TDD and FDDTDD and FDD

Three physical layer technologies:Three physical layer technologies:
��Single carrierSingle carrier
��OFDM with 256 point FFT (currently adopted OFDM with 256 point FFT (currently adopted 
by ETSI by ETSI HiperMANHiperMAN and (fixed) and (fixed) WiMAXWiMAX))
��OFDMA with 128..2048 point FFT (dominant OFDMA with 128..2048 point FFT (dominant 
evolution in IEEE 802.16e with scalability of the evolution in IEEE 802.16e with scalability of the 
FFT size according to the channel BW)FFT size according to the channel BW)

Support of Adaptive Modulation and Smart AntennasSupport of Adaptive Modulation and Smart Antennas
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High theoretical spectral efficiency: High theoretical spectral efficiency: up to 3.75 bps/Hzup to 3.75 bps/Hz
(Adaptive Modulation)(Adaptive Modulation)
But dimensioning in real NLOS case in the range of 2 But dimensioning in real NLOS case in the range of 2 

bps/Hzbps/Hz
Cell radius very dependant on the environment (NLOS, Cell radius very dependant on the environment (NLOS, 

LOS, Urban, Rural), LOS up to 30km, NLOS 1 LOS, Urban, Rural), LOS up to 30km, NLOS 1 -- 3 km3 km

Main PHY featuresMain PHY features
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OFDMOFDM

Robustness to multiRobustness to multi--path / path / 
selective fading selective fading 

Low complexity modulator / Low complexity modulator / 
demodulator (demodulator (iFFTiFFT/FFT) and /FFT) and 
equalizerequalizer

Spectrum efficiencySpectrum efficiency
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Scalable FFT size

Modulation scheme and power adjustable per subModulation scheme and power adjustable per sub--
channelchannel
WiMAXWiMAX PHY/MAC improves OFDM with:PHY/MAC improves OFDM with:
�� Robust transmission by use of error correction codes Robust transmission by use of error correction codes 
and interleavingand interleaving
�� Can recover data even in case of frequencyCan recover data even in case of frequency--selective selective 
fading and narrowfading and narrow--band interferenceband interference

ScalabilityScalability
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OFDM symbolOFDM symbol

��Pilot subcarriers inserted for channel estimationPilot subcarriers inserted for channel estimation
�� Guard Interval ( GI=CP : Cyclic  Prefix ) at the Guard Interval ( GI=CP : Cyclic  Prefix ) at the 
beginning of each OFDM symbolbeginning of each OFDM symbol
�� CP : 1/4 , 1/8 , 1/16 , 1/32CP : 1/4 , 1/8 , 1/16 , 1/32
�� High CP increases robustness against multiHigh CP increases robustness against multi--path path 
�� CP must be longer than maximum path delayCP must be longer than maximum path delay
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Modulation and Data ratesModulation and Data rates
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OFDMAOFDMA

The OFDM principle is used to share the resource The OFDM principle is used to share the resource 
between users. Subcarriers are assigned to different between users. Subcarriers are assigned to different 
users at the same time. Susers at the same time. S--OFDMA allows FFTOFDMA allows FFT--size size 
scalability.scalability.
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OFDMOFDM

source Alcatel-Lucent
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SS--OFDMAOFDMA



Guillaume VILLEMAUD – Advanced Radio Communications            27

Adaptive Modulation and CodingAdaptive Modulation and Coding

Adaptive Modulation and Coding (AMC) is used to Adaptive Modulation and Coding (AMC) is used to 
adjust modulation order and coding rate to the channel adjust modulation order and coding rate to the channel 
conditions in order to optimize the data rate.conditions in order to optimize the data rate.
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Modulation and Coding ratesModulation and Coding rates
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Channel capacityChannel capacity
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Example at pedestrian speedExample at pedestrian speed
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Rate zonesRate zones
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Decision thresholdDecision threshold

Each rate has two thresholds: one to enter in this rate, Each rate has two thresholds: one to enter in this rate, 
the other to decide to change rate.the other to decide to change rate.
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DuplexingDuplexing

TDD:TDD:
Frame duration is fixed.Frame duration is fixed.

Frame contain a DL Frame contain a DL subframesubframe and an UL and an UL subframesubframe with with 
variable duration.variable duration.

FDD:FDD:
A fixed duration of frame for DL and ULA fixed duration of frame for DL and UL
HH--FDD mode: SS can not transmit and receive at the FDD mode: SS can not transmit and receive at the 
same time.same time.

H-FDD

Sous trame DL

Sous trame UL

time
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WiMAXWiMAX bandsbands
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Main frame characteristics:Main frame characteristics:

•• Physical Slot (PS) : shortest unity of time dimensioned with Physical Slot (PS) : shortest unity of time dimensioned with 
respect to  sampling frequency (0.5 ms @BW=7MHz)respect to  sampling frequency (0.5 ms @BW=7MHz)

•• Time slot or Burst: time dedicated to one user (in PS unity)Time slot or Burst: time dedicated to one user (in PS unity)

•• Symbol: duration depending on the number of subcarriers and Symbol: duration depending on the number of subcarriers and 
frequency band (between 17 to 160 ms OFDM and 92 to 112 ms frequency band (between 17 to 160 ms OFDM and 92 to 112 ms 
OFDMA)OFDMA)

•• DL subframe: BS transmit to all MSDL subframe: BS transmit to all MS

•• UL subframe: shared between MS depending on CIRUL subframe: shared between MS depending on CIR

•• DL/UL ratio scalableDL/UL ratio scalable

Frame subdivisionsFrame subdivisions
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•• Frame duration related to latency and throughput Frame duration related to latency and throughput 

•• Long frames increas latency Long frames increas latency 

•• Minimum latency time is equal to frame duration Minimum latency time is equal to frame duration 

•• Maximum tolerated latency time is 1.5x frame duration Maximum tolerated latency time is 1.5x frame duration 

•• Synchronized MS must use the same valueSynchronized MS must use the same value

Frame Frame durationduration
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256 256 subcarrierssubcarriers

BPSK to 64QAM adaptive modulationBPSK to 64QAM adaptive modulation

Adaptive Adaptive forwardforward errorerror codingcoding (FEC)(FEC)

TDM multiple TDM multiple accessaccess

Duplex TDD or FDDDuplex TDD or FDD

SpaceSpace--time time codingcoding (STC)(STC)

BeamformingBeamforming (AAS) (AAS) 

RF RF FrequencyFrequency <11GHz  3.5GHz <11GHz  3.5GHz 
(licence)(licence)

BW 3.5 or 7 MHzBW 3.5 or 7 MHz

Frame Frame durationduration 2.52.5--20 ms20 ms

Effective Effective SymbolSymbol time: Tb=64/32 ustime: Tb=64/32 us

CP :Tg=1/4,1/8,1/16,1/32 CP :Tg=1/4,1/8,1/16,1/32 

Total Total symbolsymbol time: Tg+Tbtime: Tg+Tb

t
N°OFDM symbol

f

OFDM FrameOFDM Frame
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OFDMA FrameOFDMA Frame

128 to 2048 subcarriers (depend on BW)128 to 2048 subcarriers (depend on BW)

BPSK to 64QAM adaptive modulationBPSK to 64QAM adaptive modulation

ConvolutionalConvolutional channelchannel codingcoding

Duplex TDD or FDDDuplex TDD or FDD

SpaceSpace--time time codingcoding (STC)(STC)

BeamformingBeamforming (AAS)(AAS)

HandoverHandover

RF RF FrequencyFrequency <11GHz  3.5GHz <11GHz  3.5GHz 
(licence)(licence)

BW 1.25/5/10 or 20 MHzBW 1.25/5/10 or 20 MHz

Frame Frame durationduration 2.52.5--20 ms20 ms

Effective Effective SymbolSymbol time: Tb=90 ustime: Tb=90 us

CP :Tg=1/4,1/8,1/16,1/32 CP :Tg=1/4,1/8,1/16,1/32 

Total Total symbolsymbol time: Tg+Tbtime: Tg+Tb



Guillaume VILLEMAUD – Advanced Radio Communications            39

DownlinkDownlink

-- PreamblePreamble : : synchronizationsynchronization channelchannel estimationestimation

-- Header: frame structure (Header: frame structure (burstsbursts location and profile)location and profile)

-- Data to transmit to Data to transmit to eacheach user (TDM)user (TDM)

UplinkUplink

-- TDMATDMA

-- PreamblePreamble : : synchronizationsynchronization

1 frame ( 2 to 20 ms)

DL UL

Guard time< 100 
µs

P: preamble

H: header

B#n : Burst of MS N°n

RTG PPP B2 B3 B4 PTTGHRTG B1 P B3P B2B1

Symbol Physical Slot (PS)

PS0 PSn

OFDM Frame FocusOFDM Frame Focus
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OFDM symbol:102.9 us, 48 symbols by frame

OFDMA Frame FocusOFDMA Frame Focus
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��PreamblePreamble
Used for:Used for:

Time frequency synchronizationTime frequency synchronization
Initial channel estimationInitial channel estimation
Identify the segment used by the cellIdentify the segment used by the cell
Identify the cellIdentify the cell

Occupies all Occupies all subchannelssubchannels of the first OFDMA symbolof the first OFDMA symbol
Must be received and decoded by all Must be received and decoded by all MSsMSs
Modulation BPSK + transmission power +3dB Modulation BPSK + transmission power +3dB w.r.tw.r.t. DL bursts. DL bursts
Use orthogonal codes (i.e. modulate on disjoint sets of subcarrUse orthogonal codes (i.e. modulate on disjoint sets of subcarriers)iers)

��Frame Control Header (FCH)Frame Control Header (FCH)
In each frame, provides information about the frame and the relaIn each frame, provides information about the frame and the related     ted     
MAPsMAPs

Used subUsed sub--channels in the segmentchannels in the segment
DL MAP length DL MAP length ……

Positioned immediately after the preamble (in the specific segmPositioned immediately after the preamble (in the specific segment)ent)

Important fieldsImportant fields
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DL MAP and UL MAPDL MAP and UL MAP
Provide information on resource allocation for DL and UL respecProvide information on resource allocation for DL and UL respectivelytively
The The ““descriptiondescription”” of the bursts present in the frame (i.e. modulation and of the bursts present in the frame (i.e. modulation and 
coding, based on so called DIUC)coding, based on so called DIUC)
The position and size of each burst in the OFDM matrixThe position and size of each burst in the OFDM matrix
(Offset in frequency x time, Size in terms of symbols and (Offset in frequency x time, Size in terms of symbols and subchannelssubchannels))
The list of connection ID of each The list of connection ID of each burstburstl

Broadcast informationBroadcast information

DL Channel Descriptor (DCD) & UL Channel Descriptor (UCD)DL Channel Descriptor (DCD) & UL Channel Descriptor (UCD)
��Provide system PHY information (BS EIRP, TTG / RTG, Paging GroupProvide system PHY information (BS EIRP, TTG / RTG, Paging Group
ID, BS ID, Frame number, Contention access detailsID, BS ID, Frame number, Contention access details……))
��Provide the physical transmission characteristics for each BurstProvide the physical transmission characteristics for each Burst Profile Profile 
(DIUC used in the DL/UL MAP, Associated PHY characteristics (FEC(DIUC used in the DL/UL MAP, Associated PHY characteristics (FEC
code type): modulation & coding scheme)code type): modulation & coding scheme)
��Transmitted at periodic interval of maximum 10 secondsTransmitted at periodic interval of maximum 10 seconds



Guillaume VILLEMAUD – Advanced Radio Communications            43

source Agilent

Some valuesSome values
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source Altera

The digital IF processing The digital IF processing 
blocks include single blocks include single 
antenna and antenna and multiantennamultiantenna
digital up converter (DUC) digital up converter (DUC) 
and digital down converter and digital down converter 
(DDC)(DDC)
reference designs, and reference designs, and 
advanced crest factor advanced crest factor 
reduction (CFR) and digitalreduction (CFR) and digital
predistortionpredistortion (DPD)(DPD)

Baseband processingBaseband processing
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��HARQ (hybrid automatic repeat request):HARQ (hybrid automatic repeat request):
–– adaptive retransmission to adaptive retransmission to 
cope with high error probabilitiescope with high error probabilities
–– soft recombinationsoft recombination

��CQICH : Channel quality indicator channelCQICH : Channel quality indicator channel
–– consumes uplink bandwidthconsumes uplink bandwidth
–– feedback reduction is an up to feedback reduction is an up to 
date problemdate problem

Complementary techniquesComplementary techniques
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Cellular extensionCellular extension

In case of large scale deployment, a frequency In case of large scale deployment, a frequency 
planning must be performed in order to reduce planning must be performed in order to reduce 
interinter--cell interference. cell interference. 
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Multiple Multiple AntennaAntenna SystemsSystems
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DiversityDiversity corresponds to corresponds to degreesdegrees of of freedomfreedom of of 
the the channelchannel. . 
WeWe couldcould considerconsider four main four main degreesdegrees of of diversitydiversity::

�� TimeTime

�� FrequencyFrequency

�� PolarizationPolarization

�� SpaceSpace

DiversityDiversity principleprinciple
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Time Diversity

Frequency Diversity

Polarization Diversity

Emitter Receiver

Carrier Frequency 1

Carrier Frequency 2

DiversityDiversity domainsdomains
Emitter Receiver

Channel

T

T + ? t

T + 2?t
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The use of two antennas with space diversity allows to 
mitigate multi-path fading effect.

Diversity in space location :

Spatial Spatial DiversityDiversity
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ReceiveReceive diversitydiversity
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Main techniques :

• SISO : Single Input Single Output
– Old fashion radio link

• SIMO : Single Input Multiple Output
– Most mature
– Different implementations

• MISO : Multiple Input Multiple Output
– Beamforming
– Diversity, coding

• MIMO : Multiple Input Multiple Output 
– Spatial Multiplexing
– STBC, STTC

Tx

…

RxCanal

Tx

…

RxCanal

Tx

…

Rx
Canal

…

Tx RxCanal

SISO to MIMOSISO to MIMO
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SIMO or MISOSIMO or MISO

By combining several antennas at By combining several antennas at TxTx
or Rx, the system could take part of or Rx, the system could take part of 
diversity (and mitigate interference).diversity (and mitigate interference).
Different complexity:Different complexity:
--switchingswitching
--EGCEGC
--MRCMRC
--TX TX BeamformingBeamforming
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Diversity increases

MIMOMIMO

When we use several antennas at the When we use several antennas at the TxTx, each antenna , each antenna 
becomes a singular source for the receiving array.becomes a singular source for the receiving array.
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Data is divided on as many flows as Tx antennas

Throughput increases linearly with number of Tx
antennas

Space-Time decoding at Rx (need at least as many
antennas)

MIMOMIMO-- SMSM
Spatial Spatial MultiplexingMultiplexing ::
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Emitted signal Received signal Decoded signal

MatrixMatrix inversioninversion ::

MIMOMIMO-- keypointkeypoint

Decoding ease depends on matrix inversibilityDecoding ease depends on matrix inversibility
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rank 1 (non inversible !)

An important spacing between antennas is required or 
important multi-path (perfect in indoor). 

InvertibleInvertible MatrixMatrix::
MatrixMatrix inversion inversion dependsdepends on on correlationcorrelation of of receivedreceived signalssignals on all on all 
antennasantennas::
-- relatedrelated to distance to distance betweenbetween antennasantennas
-- alsoalso to to angularangular spreadspread. . 

MIMOMIMO-- conditionsconditions
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Ty P xh n= +

SISO channel capacity :

• h : complex channel gain
– Non frequency selective (1 coefficient)

– Time selectivity :
• h independent of time => non selective in time,

• h changes from a symbol to another,

• h varies slowly

• If ρ is the mean SNR at Rx :

•SISO channel capacity without CSI:

Ty P xh n= +

x

h n

y
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2 2
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P E h PS
si E h
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ρ ρ

σ σ
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( )2

2log 1 / /C h bits s Hzρ= +

Channel Channel CapacityCapacity
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• Total Emitted Power kept constant.
Emitted Power by antenna :

• Mean SNR at Rx:  

MISO Channel MISO Channel CapacityCapacity
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• MIMO : N Tx antennas and M reiceving antennas
• hij is channel complex gain of jth emitting antenna and ith receiving
antenna

MIMO MIMO -- Channel Channel CapacityCapacity
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• With and 

• SVD of H :

• U and V unitary :

• D diagonal matrix which non-null elements are singular values of H

y Hx n= +
[ ]1

T

Nx x x= K [ ]1

T

My y y= K

{ { { { ( )min ,H

M N m mM m m N

H U D V m M N
× ×× ×

= =

( )iD diag λ=

x

n

yHH UDV=
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Virtual channels :

• Goal : the system Output must be linked to the Input by a 
diagonal matrix
• Idea : A linear pre-coding is applied to data to transmit 
associated to a decoding at the receiver. 

Dx%

n%

y%
m independent channels
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• Capacity of a sub-channel (emitted power PT/N) :

• MIMO system capacity :

• Generally written:

2

2log 1i iC
N

ρ λ = + 
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Linear increase corresponding to

if m independent channels
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CSI at the emitter:

Knowning channel state at the receiver is ease with training sequences, 
but at the emitter it requires feedback. 

2log det H

M
C I H H

N

ρ = +  

• Case Case withwith information (CSI)information (CSI) :
Emitted power optimally dispatched
(WATERFILLING)

• Case Case withoutwithout information (no CSI)information (no CSI) :
Same power allowed to each Tx antenna (BLAST strategy)

Channel State InformationChannel State Information
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CapacityCapacity ComparisonComparison
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S2 S0

S3 S1

S3 S2 S1 S0

-S3* S2 -S1* S0

S2* S3 S0* S1

S3 S2 S1 S0

Interest: no CSI needed

S3 S2 S1 S0Digital 
Processing

S3 S2 S1 S0Digital 
Processing

t

t

DifferentDifferent techniquestechniques

Spatial Multiplexing: increases throughputSpatial Multiplexing: increases throughput

SpaceSpace--Time Code: increases link robustnessTime Code: increases link robustness
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S3 S2 S1 S0
STC 

decoder

h11

h22

h21

h12

H=
h11     h21

h12 h21

STC 
Precoder

Channel estimation

S3 S2 S1 S0

Increases capacity and robustness
More complex to implement

Matrix
precoder

+ 

weigthing

PrePre--coding: knowledge of CSI at emitter side to precoding: knowledge of CSI at emitter side to pre--code code 
data and optimize transmissiondata and optimize transmission

DifferentDifferent techniquestechniques
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AAS (Adaptative AAS (Adaptative AntennaAntenna System) :System) :
PossibilityPossibility of of formingforming a a beambeam fromfrom BS to MS (if compatible).BS to MS (if compatible).

OnlyOnly one one antennaantenna atat MS.MS.

NeedsNeeds feedback information on feedback information on eacheach antennaantenna elementelement (DOA).(DOA).

MultiMulti --antennaantenna in in WiMAXWiMAX
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Initializing mechanism for a new 
user in the network:

- scan of DL channel to synchonize
with BS.

- send request to BS 

- BS calculates transmission 
parameters (UCD)

- BS send authorization and BW 
allocation

Classical sectorial topology: sectorial antennas at the BS 

a

b

c

Frame

DL UL

WiMAXWiMAX implementationimplementation
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Up to 4 antennas on a sector

- AAS is optional

- Beamforming at the BS

- Only with implemented terminals

- Subframes divided in two parts

normal AAS normal AAS

Frame

DL UL

0 1  2 3

Antenna
0

Antenna
0-3

Antenna
0

Antenna
0-3

a

b

c

a without AAS

b and c with AAS

AAS systemAAS system
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0 1   2 3

normal AAS normal AAS

Frame

DL UL

AAS dedicated zone begins with a preamble.

Each 4 antennas must cover the sector.

Each antenna send a preamble.

Different Subcarriers (SC) for different
beams :

antenna 0    SC[-100;-96;…;96;100]

antenna 1    SC[-99;-95;…;95;99]

antenna 2    SC[-98;-94;…;94;98]

antenna 3    SC[-97;-93;…;93;97]

a

b

c

AAS AAS mechanismmechanism
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0 1   2 3

normal AAS normal AAS

Frame

DL UL

One MS with AAS send a BW request.

Contention phase

During next frame, BS send a request to 
estimate channel state (one sequence by 
Tx antenna).

Replying to this request, MS sends CINR, 
RSSI, amplitude and phase of each SC.

a

b

c
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0 1   2 3

Frame

DL UL

In the AAS zone, weightings are directly
applied on BB signals for beamforming in 
MS direction.

At MAC level: messages management 
for channel estimation…

At PHY level: preamble, CSI, weigths…

Digital processing algorithms are not 
described in the standard.

AAS AAS increasesincreases linklink budget (budget (antennaantenna gain, gain, interferenceinterference mitigation) and the mitigation) and the 
cellcell range.range.

a

b

c

a b c

normal AAS

a

normal AAS

b c

AAS AAS beamformingbeamforming
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SomeSome examplesexamples of of existingexisting materialsmaterials
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source C. Townsend

Base station Base station antennasantennas
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Subscribers antennasSubscribers antennas

source Airspan

Indoor (Indoor (omnidirectionalomnidirectional) or outdoor (directional) antennas for ) or outdoor (directional) antennas for 
fixed subscribersfixed subscribers
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Presence
Point

backhaul

RedMAX deployment : backhaul AN80i and Basestation AN10 0U

RedMAX
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Examples of Base station productsExamples of Base station products
Software Defined Radios, many degrees of freedomSoftware Defined Radios, many degrees of freedom

source Airspan
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Examples of subscriber productsExamples of subscriber products
Lower cost, lower performancesLower cost, lower performances…… the cost is at the BSthe cost is at the BS

source Airspan
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A performance comparison performed between WiMAX and 3G
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