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Orthogonal Frequency Domain Modulation (OFDM))

Modern systems like WiFi, cable systems, and cell phones want to get more

bits through a channel.

The simple solutions is a combination of

• More bits per symbol,

• More symbols per second

An example is cable modems that might use 256-QAM at 5 Msymbols/s

However, this approach has limitations for RF links, and even cable

A solution that solves these problems is OFDM

As a result, everything is going to OFDM

Based on notes from Miki Lustig
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Increasing the Capacity of a Channel

So far we have been trying to get as many symbols per second through the

channel, each encoded for as many bits as possible.

A good example is QAM, used in cable TV

QAM-64

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I

As symbol rates go up, it makes it harder to decode the symbols accurately

Timing becomes much more critical.

What we’d like is another way to increase capacity
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Channel Model

To see the issues, we’ll start with the channel model

The channel:

• Linear system that causes dispersion (time and frequency dependent

delays)

• Impulse response gch(t), and frequency response Gch(f)

• Also adds noise

What are the effects of this?
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Channel Model: Ideal

With no noise or dispersion:

Nice clean eye diagram
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Channel Model: Real

In practice we will have multipath:

Transmitter
Receiver

Mountains

Buildings

<latexit sha1_base64="VyXhdf/Kb1yeCS+YKgGopwkGXXs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMQL2FXJHoMeNFbBPOQZAmzk0kyZHZ2mekVwpKv8OJBEa9+jjf/xkmyB00saCiquunuCmIpDLrut5NbW9/Y3MpvF3Z29/YPiodHTRMlmvEGi2Sk2wE1XArFGyhQ8nasOQ0DyVvB+Gbmt564NiJSDziJuR/SoRIDwSha6XHYS9loWsbzXrHkVtw5yCrxMlKCDPVe8avbj1gScoVMUmM6nhujn1KNgkk+LXQTw2PKxnTIO5YqGnLjp/ODp+TMKn0yiLQthWSu/p5IaWjMJAxsZ0hxZJa9mfif10lwcO2nQsUJcsUWiwaJJBiR2fekLzRnKCeWUKaFvZWwEdWUoc2oYEPwll9eJc2LiletVO8vS7W7LI48nMAplMGDK6jBLdShAQxCeIZXeHO08+K8Ox+L1pyTzRzDHzifP25tkDQ=</latexit>

gch(t)
<latexit sha1_base64="05+ZxTTz3b15FniiMKoejvVoOxM=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY8KK3CvYD2qVk02wbmmSXJCuWpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJjeZ33mkSrNIPphpTH2BR5KFjGCTSU9Vcz4oV9yaOwdaJV5OKpCjOSh/9YcRSQSVhnCsdc9zY+OnWBlGOJ2V+ommMSYTPKI9SyUWVPvp/NYZOrPKEIWRsiUNmqu/J1IstJ6KwHYKbMZ62cvE/7xeYsJrP2UyTgyVZLEoTDgyEcoeR0OmKDF8agkmitlbERljhYmx8ZRsCN7yy6ukfVHz6rX6/WWlcZfHUYQTOIUqeHAFDbiFJrSAwBie4RXeHOG8OO/Ox6K14OQzx/AHzucPh3aN8Q==</latexit>

x(t)

<latexit sha1_base64="82uQ69TSaFkTDJHm4LD4KMDo2gI=">AAAB/nicbZDLSgMxFIYz9VbrbVRcuQkWobooMyLVjVBwo7sK9gLtMGTSTBuauZCcEYeh4Ku4caGIW5/DnW9j2s5CWw+EfPz/OeTk92LBFVjWt1FYWl5ZXSuulzY2t7Z3zN29looSSVmTRiKSHY8oJnjImsBBsE4sGQk8wdre6Hritx+YVDwK7yGNmROQQch9TgloyTUP0gqc4Cv8qK/TgZvR4ViTa5atqjUtvAh2DmWUV8M1v3r9iCYBC4EKolTXtmJwMiKBU8HGpV6iWEzoiAxYV2NIAqacbLr+GB9rpY/9SOoTAp6qvycyEiiVBp7uDAgM1bw3Ef/zugn4l07GwzgBFtLZQ34iMER4kgXuc8koiFQDoZLrXTEdEkko6MRKOgR7/suL0Dqr2rVq7e68XL/N4yiiQ3SEKshGF6iOblADNRFFGXpGr+jNeDJejHfjY9ZaMPKZffSnjM8fkWmT/w==</latexit>

y(t) = x(t) → gch(t)

The impulse response of the channel can be represented by shifted,

weighted, delta functions
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Channel Model: Real

With noise and dispersion:

Much harder to decode!
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Channel Model: Delay and Coherence

Multipath has a set of delays, τk = τ0 +∆τk

gch(t) = α0δ(t− τ0) +

m∑
k=1

αkδ(t−∆τk − τ0)

For analysis, we can neglect τ0, since it is a constant

gch(t) = α0δ(t) +

m∑
k=1

αkδ(t−∆τk)

The transfer function is then

Gch(f) = α0 +

m∑
k=1

αke
−j2πf∆τk
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Channel Model: Delay and Coherence

The impulse response and frequency response are

gch(t) = α0δ(t) +

m∑
k=1

αkδ(t−∆τk)

Gch(f) = α0 +

m∑
k=1

αke
−j2πf∆τk

We have

• Delay spread: τd = ∆τm

• Coherence bandwidth: Bc = 1/τd

As long as the signal bandwidth B << Bc the spectrum will be

approximately flat. Something like 1/10 is a good estimate.

Then delays won’t cause significant cancellation in the spectrum.
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Channel Model Example

The impulse response

gch(t) = δ(t)− 0.5δ(t− 0.5Tb) + 0.5δ(t− 2.5Tb)

Channel frequency response

Gch(f) = 1− 0.5e−j2π·0.5Tbf + 0.5e−j2π·2.5Tbf

Let Tb = 1µs and τd = 2.5µs, then Bc = 1/τd = 400 kHz

The frequency response then looks like

It changes significantly over any 400 kHz, which will cause distortion
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Channel Equalization

One possible approach is to equalize the channel.

Find a filter geq(t) that undoes the effect of the channel

x(t) ∗ gch(t) ∗ geq(t) ≈ x(t− τgd)

where τgd is the group delay of the cascaded channel and equalizer.

How do you find geq(t)?

• Use a known preamble in the signal, and deconvolution

• Use blind deconvolution

Madhow Ch 8.1-8.2 covers this.

Limited by the depth of the cancellation, and the noise level. As some point

you can’t recover.
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Multi-Carrier Modulation

We want high data rates

Symbol duration Ts must be much greater than the delays τd to avoid

multipath cancellation

We need wide band channels then, and that also leads to multipath

cancelation

Solution

• Divide high speed stream into N lower rate substreams

• Choose T̃s = NTs ≫ τd

• Transmit each stream on N subcarriers

• Bandwidth of each subcarrier is B/N , so the total bandwidth is

preserved
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Frequency Tiling

Instead of one wide-bandwidth channel we have four narrower channels

Bits are allocated to all four carriers, so the total data rate is the same.

Each symbol is longer, and on a narrow channel, so multipath is much less

of a problem. 13



Multicarrier Modulation

We’d like the channels to be orthogonal and tightly packed

If there is a flat frequency response for each channel (Ts << τd) the effect

on channel k is

yk(t) = Gch(fk)xk(t)

This is just a scaler multiplier!

This makes equalization easy.
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Equalization Example

16-QAM with

yk(t) = Gch(fk)xk(t)

where Gch(fk) =
1
3e

jπ/3.

The constellation is rotated by π/3, and scaled to 1/3.

Easy to correct.
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Multicarrier Modulation

Each subcarrier will have its own constant channel coefficient

Each can be equalized independently
16



Orthogonal Frequency Domain Multiplexing, OFDM

This multicarier modulated signal is OFDM. How do we do create the

OFDM signal in practice?

Assign groups of bits xk(t) to symbols ck

We take the sequence ck of QAM encoded symbols and modulate (FSK

encode) one sample as

yk(t) = cke
j2πk∆ft

Each symbol ck is transmitted at its own FSK frequency k∆f

Each frequency we can think of as an independent subchannel

<latexit sha1_base64="4d7tUw9HatCXa1UOoaDl/hFJSZs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh5t2v1xxq+4cZJV4OalAjka//NUbxCyNuEImqTFdz03Qz6hGwSSflnqp4QllYzrkXUsVjbjxs/mlU3JmlQEJY21LIZmrvycyGhkziQLbGVEcmWVvJv7ndVMMr/1MqCRFrthiUZhKgjGZvU0GQnOGcmIJZVrYWwkbUU0Z2nBKNgRv+eVV0rqoepdV775WqdfyOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzBzs0jR8=</latexit>

BW

<latexit sha1_base64="TDZriYwaJrYaXI/3mqcojYtm4+Q=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCHjxWsB/QhrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqAScJ9yM6VCIUjKKVOr1bLpGSsF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn83ik5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzJ4nA6E5QzmxhDIt7K2EjaimDG1EJRuCt/zyKmldVL3Lqndfq9RreRxFOIFTOAcPrqAOd9CAJjCQ8Ayv8OY8Oi/Ou/OxaC04+cwx/IHz+QN3/4+O</latexit>

�f

<latexit sha1_base64="ajPbPvogsg671uktm/7Ffg397Yo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W966rXrFXqtTyOIpzBOVyCBzdQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AyLOM4g==</latexit>

f
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OFDM

We can send data on all of them at once by adding the signals up

If we combine all of the samples in an interval (frame) we get

y(t) =

N−1∑
k=0

cke
j2πk∆ft

If there are N samples, then there are N output FSK frequencies

In practice y(t) is sampled, and this operation is computed with an inverse

FFT.

Very effectively uses the entire available spectrum

Different channels will have different noise and propagation properties

We can equalize each independently, and allocate more or less bits to each
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OFDM using an FFT

The sequence of output values are computed with

y[n] =

N−1∑
k=0

xk[n]e
j2π kn

N

For a given N , y[n] = IDFTN (xn[k])!

We break the input into N symbol blocks, compute the IDFT, and then

serialize the outputs.

19



Spectrum of OFDM
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Spectrum of OFDM
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OFDM Encoder

The encoder takes serial bits and allocates them to symbols.

The symbols are the coefficients to an N-point IDFT

The output of the IDFT is then serialized and transmitted

NxN
iFFT D/A

Demux
M-bit 

Blocks
into N 

Channels

Input Bit Stream
Rate R

N Bit Streams
Rate R/N

N Channels
with Symbol
Rate R/(N*M)

QAM-M Encoders
M bits into one

Complex number

1 Symbol
Rate R/(N*M)
N Frequency

Channels

<latexit sha1_base64="V6ZYKcUInp1lb9rDz7+NCz87Xnk=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FL16UCt220C4lm2bb0Gx2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvCARXBvH+UaFtfWNza3idmlnd2//oHx41NJxqijzaCxi1QmIZoJL5hluBOskipEoEKwdjG9nfvuJKc1j2TSThPkRGUoeckqMlbxm/+bhvl+uOFVnDrxK3JxUIEejX/7qDWKaRkwaKojWXddJjJ8RZTgVbFrqpZolhI7JkHUtlSRi2s/mx07xmVUGOIyVLWnwXP09kZFI60kU2M6ImJFe9mbif143NeG1n3GZpIZJulgUpgKbGM8+xwOuGDViYgmhittbMR0RRaix+ZRsCO7yy6ukdVF1L6vuY61Sr+VxFOEETuEcXLiCOtxBAzygwOEZXuENSfSC3tHHorWA8plj+AP0+QMjY440</latexit>

TBNM

M bits

<latexit sha1_base64="17NBtnBjwiCq97mu5xz8s3iB9U8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzfz2EyrNY9kwkwT9iA4lDzmjxkqPjf5tv1xxq+4cZJV4OalAjnq//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMT3vgZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1buqeg+XlZqbx1GEEziFc/DgGmpwD3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH+sbjYE=</latexit>

TB

<latexit sha1_base64="iBu4rq0pNIEP5y1UGtgsQcBm3fE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipaQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reddVr1ir1Wh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A3euM8A==</latexit>

t

NM Bits in Frame
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OFDM Decoder

The receiver basically just inverts the operations of the transmitter

NxN
FFTA/D

Mux
N 

M-bit 
Block

M bits

<latexit sha1_base64="17NBtnBjwiCq97mu5xz8s3iB9U8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzfz2EyrNY9kwkwT9iA4lDzmjxkqPjf5tv1xxq+4cZJV4OalAjnq//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMT3vgZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1buqeg+XlZqbx1GEEziFc/DgGmpwD3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH+sbjYE=</latexit>

TB

<latexit sha1_base64="iBu4rq0pNIEP5y1UGtgsQcBm3fE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipaQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reddVr1ir1Wh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A3euM8A==</latexit>

t

1 Symbol
Rate R/(N*M)
N Frequency

Channels

<latexit sha1_base64="V6ZYKcUInp1lb9rDz7+NCz87Xnk=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FL16UCt220C4lm2bb0Gx2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvCARXBvH+UaFtfWNza3idmlnd2//oHx41NJxqijzaCxi1QmIZoJL5hluBOskipEoEKwdjG9nfvuJKc1j2TSThPkRGUoeckqMlbxm/+bhvl+uOFVnDrxK3JxUIEejX/7qDWKaRkwaKojWXddJjJ8RZTgVbFrqpZolhI7JkHUtlSRi2s/mx07xmVUGOIyVLWnwXP09kZFI60kU2M6ImJFe9mbif143NeG1n3GZpIZJulgUpgKbGM8+xwOuGDViYgmhittbMR0RRaix+ZRsCO7yy6ukdVF1L6vuY61Sr+VxFOEETuEcXLiCOtxBAzygwOEZXuENSfSC3tHHorWA8plj+AP0+QMjY440</latexit>

TBNM NM Bits in Frame

Output Bit Stream
Rate R

Serial bits are allocated to symbols.

These are input to a DFT.

The output symbols are then serialized to decode the original bit stream
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Linear vs Cyclic Convolution

One issue is that the channel dispersion can blur one OFDM symbol into

the next. This is because it is a linear convolution.

24



Circular Convolution with a Cyclic Prefix

We can fix this by appending a part of the end of the symbol to its

beginning!

Then the linear convolution from the channel impulse response will blur the

correct data into the symbol.

It will be a circular convolution, which can be corrected perfectly. 25



Frequency Structure

In general, not all of the subcarriers are used for data.

The guard band protects for interference from adjacent signals

The pilot channels are used for estimating the channel for equalization. 26



WiFI 802.11a/g

Bandwidth = 20MHz

N = 64 subcarriers

• 48 used for data

• 12 outer unused

• 4 used as pilots

Circular prefix length of 16

Modulations: BPSK to 64QAM

Convolutional Codes 1/2, 2/3, 3/4

27



HD Radio

Digital bands from 115 Hz to 200 kHz

About 520 subcarriers allocated to up to three HD channels plus metadata

Symbol length 2.903 ms, with a 0.726 ms cyclic prefix

Symbol Modulation QPSK, 16-QAM, or 64-QAM 28



LTE Cell Phones

Upper edge of band 14 (758-768 MHz) downlink, AT&T

15 kHz subchannels, 600 subcarriers in 50 resource blocks of 12 subcarriers

Modulation QPSK, 16-QAM, or 64-QAM

Symbol 66 µs with a 5.2 µs circular prefix, 1 ms frames of 14 symbols 29



OFDM

OFDM has many practical advantages

• The many different frequency channels are resistant to channel

variations

• The much lower symbol rate makes timing and pulse shaping much

easier

The number of frequencies can be anywhere from 64 to 8k or more

The constellation encoder may be anything from BPSK through QAM-256

That can be a lot of bits per symbol!

30



OFDM

OFDM is widely used

• Cell Phones: 4G-LTE, 5G

• Cable Modems: DOCSIS 3.1

• Digital TV: DVB-T, ATSC 3.0

• WiFi: 802.11a/g/n and later

• Digital Radio: Digital Radio Modiale (DRM), HD FM

Essentially, any high capacity channel is or will be OFDM

It solves many of problems at the cost of a lot of computation, but that is

free now.
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