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orthogonal sinusoids.

manipulate  is to
OFDM's main function 

 sT(sinusoid) contained in the interval 
number of cycles of each subcarrier

There must be an integer

 

    

  

 sT

1. There must be an
integer number of
cycles of each sub-
carrier sinusoid
contained in the
interval T s

 

 

 

 
  

What are 2 Key
Characteristics of

Orthogonal
Sinusoids?

 
2.

is the data
portion of the OFDM
symbol

 sT  where 

sT/1f =              D
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Other Orthogonality Characteristics



Reminder:  Testing for Orthogonality

s1(t)

time
T/2 T

s2(t)

Vector 
Representation

s2

time
T/2 T

1 20
( ) ( ) 0=∫

T
s t s t dt

s1

Cross-Correlation
Inner Product
equals zero.

S1 and S2 cannot possibly
interfere with one another.

Orthogonality in the time domain assures orthogonality in 
the frequency domain, and vice versa.  The property is 
easiest  to see in the time domain. 
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D f

D f

(subchannels)

spectral spacing
Subcarrier

Narrow BW

      OFDM
Wideband BW

Partitioning

Ts

Time

System BW (all subcarriers occupied) = approx

Nc x D  f

Imaginary

The data, 
16-QAM here, 
modulates the 
subcarrier  
sinc spectra 
(amplitude and 
phase). The 
center freq- 
uency of these 
sincs are the 
selected OFDM 
subarrier 
values.

                D f = 1/Ts

where Ts is the data portion
of the OFDM symbol time

(BW of each subchannel)

        

Note the real & 
imaginary axes
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An OFDM system, with Nc = 4 subcarriers and 16-QAM modulation

   
       

       

                                                 
       

              
fD

fD

fD

fD
fD

fD

. . . .

Example of the OFDM 
time/frequency structure, 
focusing on a grid where Nc = 4 
candidate subcarriers located at 
each symbol time.

The subcarrier's 
amplitude can be 
zero, as seen in 8 
unoccupied grid 
points here. They 
have the potential 

to be assigned.

potential D  f = 1/Ts
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Periodic Outputs on a 
Unit Circle



 
. . . . . . . . . .. .
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The Fourier Transform of a rectangular-windowed (gated) 
sinusoid is a sinc function, having equally spaced zeroes.

Gated Sinusoid 
(one sinusoid 

with an integer 
number of cycles)

Sinc function 
spectrum

       



 
. . . . . . . . . .. .

3

The Fourier Transform of a rectangular-windowed (gated) 
sinusoid is a sinc function, having equally spaced zeroes.

Gated Sinusoid 
(one sinusoid 
with an integer 

number of cycles)

Periodic
Sinc function 

spectrum

And if the gated sinusoid 
is discretely sampled, the 

transform will be 
periodic.

start finish

Let's plot this periodic spectrum as a power signal on a unit circle.

.
.
.
.
.
.
.
.
.      
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(easily seen on a unit circle), then 
transform must have the transform must have 
stemmed from discrete 
samples.

4

The DFT of a discretely sampled time sequence yields a continuous periodic spectrum.

  

StartFinish
Easily seen, 
because start 
equals finish.
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Periodic Spectrum 
of Rectangular 
Time Samples

206
    
      5

Plotting the spectrum on a unit circle helps us visualize (as we go 
round-and-round the circle) that the spectrum is periodic.

A circular plot 
only displays the 
periodic events 
(or the ssr) of a 

process (no 
transients).

CP                                    

 
The CP (and its 
removal) brings 

about what this plot 
portrays, namely 

(NO boundary 
transients),

 which makes it 
possible to perform 
circular convolution.

Ts

After removal
of the CP at the

receiver, there 
are no transients. 
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������	��	��After discarding the discontinuities
carried by the cyclic prefix, what 
remains is a "steady-state" signal
as would have arisen from circular
convolution. 

6

Periodic Spectrum at the Receiver

Finish
Start

The steady-state response (ssr) has essentially
gotten rid of all the On-Off transients.

No Transients
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periodic, and sampling the time signal makes the transform periodic).

The DFT forms a sampled-data spectrum.  Samples in the frequency domain 
correspond to periodicity in the time domain.  Any periodic function on a time-line 
is nicely portrayed as one copy of the function plotted on a unit circle (start and 
finish are the same point).  This makes linear convolution appear to be circular. 

*
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CP discarded

9

(IDFT)

N is made larger than 
Nc by zero-padding Nc 

in the frequency 
domain, which raises 

the output sample rate 
(time interpolation).

  
  sinusoids out



61

         
    

  This slide shows the OFDM signal 
  processing, making it appear as if the  
  N  output   wires of the IDFT generate

samples   of N different tones, which
means there would have to be:

 N coherent oscillator/modulators 
  (very costly processing). Some of the
  N tones would have zero amplitudes,
  leaving Nc enabled tones.

    

 
The actual Inverse Fourier Transform
processor will output the sum of its 

  N
all the enabled Nc tones).  Each

    

With this implementation, it is only
possible to see the sum of the  
Nc tones, but not any one of them. 
They can only be seen alone after
detection at the receiver. 

     

  
  
  

(IDFT)

       `                                                                                                                                                10

       

  
  

output wires (the superposition of 

sinusoids out

of the N output wires holds a
successive time sample of the same
superposition.



59. In the early "battle" for the best codes (convolutioal vs. Reed-Solomon), what are the 

arguments for each, and why did convolutional win out?  

 

60. In mobile channels, how does the terrain affect fading?  How does the mobile-velocity

affect it? 

62. In OFDM, what is the mitigation technique for precluding ISI?  For precluding ICI? 

64. For maintaining orthogonality among the subcarriers in OFDM, the tone spacing was 
chosen to be 1/T s

 

.  Why wasn't it chosen to be 1/T OFDM ?  (Sklar ADC notes, section 3)  

 

66. Early skeptics about MIMO, claimed that it violated Shannon's capacity theorem.  Why
is that not the case?  

67. Why won't MIMO work in a multipath-free environment?  

 61. What is the advantage of circular-convolution versus linear-convolution?  How do we

trick the channel into performing circular convolution?  

 

69. What are the Key Control Loops needed for system Synchronization?  (fred harris, "Let's 

Assume the System is Synchronized.")

70. How do you shape a time waveform to meet system spectral-confinement requirements?

Hint: symbol rate, sample rate, window type, filter length, transition BW, out-of-band
attenuation.

  

 

Hint: The time duration of a data pulse is longer than its main lobe.

65. How can SC-OFDM still be resistant to multipath when the data symbols are so short?   

1

63. Baseband OFDM symbols are typically made up of independent data at positive and 

negative spectral locations. How is this effected, and how is a real transmission-signal

formed?   

 68. Often, the signal-processing operations "DFT and IDFT" are called out as "FFT and IFFT,"
when one means the mathematical transformation.  Why is this NOT precise? 

11
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Time

1.

2.

3.

Complex modulation 
gives us the ability to 
place independent data 
on the sidebands 
around zero frequency.

   allows for Single-Sideband
   separation, such that 
   independent data can be 
   sent across F(0).
    

Complex modulation is 
required in order to 

place independent data 
on the sidebands 

around zero frequency.
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   allows for Single-Sideband
   separation, such that 
   independent data can be 
   sent across F(0).
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Real and Imaginary Signals

and Hermitian Symmetry
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A sampled data 
time series has a 

continuous 
periodic 

spectrum, and 
the alias-free BW 
is bounded by 

the sample rate.

               
                46

2-sided BW

To satisfy 
Nyquist, the 
sample rate 
must at least 
be equal to 
the 2-sided 

BW, which it 
is in this 
sketch.

 

No smearing 
between 
spectral 
copies.

Periodic outputs 
can easily be 

plotted on a unit 
circle.

   
   

14

Sampling in 
the Time and 
Frequency 
Domains

       

    

Real Time Signal
Complex Spectrum

with even & odd symmetry
Similarly, an 

Imaginary 
Time signal 

has a 
Complex 
Spectrum

with even & odd 
symmetry. 

Fourier Transform
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Real signal means
there is NO j  term

symmetry.
spectral

spectrum of

spectrum of

is generally complex, and shows cosines
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Stems from 
a real time 
signal.

Stems from an 
imaginary time 
signal.

If the spectrum of a signal has 
no symmetry at all, then  that 
spectrum must have stemmed 
from a complex time signal.

Adding the complex spectra of real and imaginary 
time signals yields no spectral symmetry whatever.

Spectrum

Spectrum



Example:  a + j
 

b

17

      

From this sketch,
one should see
that independent
signaling across
F(0) is achieved
by chooosing the
proper values of

a + jb
or their spectra. 



Hermitian about zero and
non-Hermitian about carrier

*

18

Hence, there is
independent data

around zero frequency 

     
    
  

See Sklar text Appendix D, 
Equations D.4 and D.5
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   sent across F(0).
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Our "Wish List"



(and Channel Parameters)OFDM  Glossary  
 

 
N >                    Nc                   Ncp                  NL = N + Ncp 

  

TL        Ts = (N x TL) Tcp  TOFDM = (Ts + 

Tcp) = (NL x TL) 
 





f  = 1 / Ts          fs = (Nx







f ) = 1 / TL       W signal  = (Nc + 1)







f     
 

 
Channel parameters:              

               T0 Tm                                
                               f0 

 

transform sizenumber of
subcarriers

cyclic prefix
samples

total samples
per OFDM symbol

sample
time

symbol time
(data portion)

cyclic prefix
 time

OFDM symbol time

frequency difference
between adjacent subcarriers

sample rate OFDM modulation BW

coherence 
time

coherence BWmax 
multipath

delay

rms 
multipath

 delay

39

≈ 1/Tm  0f ≈ 1/5(50%)  f 
d

 ≈ 1/fd
coherence BW

over which the spectral
correlation is at least 0.5

fading rate 
(Doppler spectral

spreading)

 cN      

(data-symbol samples)

            
 
 cN       = 0.6 N  

typical subcarrier
apportionment

 cpT  
      

 
       = 0.25   

typical CP
apportionment

 sT
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D f  =

D f 

partitioned

For a fixed Wsignal
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means
partitioning

Recall the WSSUS model. We 
want to avoid frequency-selective 
fading. Notice our wish-list below. 
OFDM makes it easy to achieve 
flat fading.

partitioning a high-data-rate

      



  

where signal / Nc  = D fW = Total OFDM bandwidth
number of candidate subcarriers

21

Nc  represents the number of potential (candidate) subcarriers, 

with locations of k D  f, where k is any positive or negative integer.

subchannel BW
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How large 

should Nc be?
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D f

Take the reciprocal of each term, invert the inequalities, 
and then multiply by the signal Bandwidth.

= 1/Ts = OFDM symbol rate

The left-side inequality allows 
computation of minimum Nc.

The right-side inequality allows 
computation of maximum Nc.
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Wsignal / Nc = D  f = 1/Ts
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Using the f0 (50%) approximation

 
 is NOT reallistic.  Which one?



Spaced-Frequency Correlation
Function shows the spectral 
correlation of received narrow-
band signals spaced ∆∆∆∆ f apart.

separated by ∆∆∆∆ f

increasing ∆∆∆∆ f .

(90%) is defined as the spectral  
interval over which the spaced-freq
correlation fuction has a correlation
of at least 0.9. 

The positioning 
is a random process, dependent on
the nature of the propagation path
(the terrain).

f0

(50%) is defined as the spectral  
interval over which the spaced-freq
correlation fuction has a correlation
of at least 0.5.  

f0

40

0.5

0.9

f
0
 (90%)

and

f
0
 (50%)

            f0 (50%)

            f0 (90%)

The larger the correlation, the 
narrower the correlation BW

    

   

  
  

26
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very short
coherence time

  fc = 300 MHz

 fc 

This makes sense.  Coherence time is inversely proportional to 
velocity.  When there is no motion, coherence time is infinite.



 
IEEE Virtual Presentation Part 1 March 18, 2021 Abstract: The main benefit of OFDM is its ability to cope with 

The ABCs of OFDM Part 2 March 25, 2021 Severe multipath channel conditions without needing Complex 
By Dr. Bernard Sklar  Equalization filters.  How does it do this?  In short, by "dividing 

  and conquering ."  It partitions a High-data-rate signal into  

Smaller low-data-rate signals so that the data can be sent over 

many low-rate subchannels.  We emphasize following: 
   

 The Big Picture:  Time/Frequency Relationships. 
 

 Single-Carrier versus Multi-Carrier Systems. 
 

 The 4 Key WSSUS Functions. 
 

 OFDM Implementation Examples. 
 

 Importance of the Cyclic Prefix (CP). 
 

 Converting Linear Convolution to Circular Convolution. 
 

 Periodic Outputs on a Unit Circle. 
 

 OFDM Waveform Synthesis and Reception. 
 

 Hermitian Symmetry. 
 

 Our "Wish List." 
 

 Testing for Orthogonality. 
 

 Tricking the Channel. 
 

 OFDM Applications (802.11a and LTE). 
 

 Single-Carrier OFDM (SC-OFDM). 



Transforming Linear Convolution to Circular Convolution

• The cyclic-prefix-end matches the signal-front. There will no longer be
a transient at the original time signal's starting edge.  The transient 
now resides at the new starting edge of the cyclic prefix. 

• During convolution, as the channel impulse response slides from
the cyclic prefix into the signal interval it has the appearance of 
leaving the signal’s back end, while entering the front end, without
discontinuities.  Thus the linear convolution appears to be circular.

We complete the process by discarding the CPs, after which there
will be an integer number of cycles per symbol time, and all of the
orthogonality rules will be saisfied. 24

•

End of cycle at
back end

Start of cycle at
        front end

by rearranging the past
and the future

continuous edge

 which will be tossed.

transient at new 
starting edge

                                 MOVING THE DISCONTINUITIES 

This is our tool for 
tricking the channel.

•
•
•
•

Integer number of cycles per symbol interval
    

Hence back-end of CP = front-end of symbol
    

Continuous edge between added CP and old starting edge
    

Transient at new starting edge 28



   

An Example of
Tricking the Channel

  
(Converting Linear Convolution to 

Circular Convolution)
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x(k)

h(k)x(k)

h(k)

Time-reverse one 
of the functions. 
Here, h(k) was 

reversed.  Then 
perform multiply, 

add, and shift 
(product 

integration)

Channel 
impulse 
response

Example: Use of the CP makes 
linear convolution appear circular

29
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Note: The 
original
five data 
samples
have grown 
to seven.

0

1

3 -1

0

4

-2

-3
2 -4

0 3 4-1-20-1-2

30 

 x(k)*h(k)

x(k)

 h(k)  h(- k)

 h(- k)

 h(- k)

 h(k)
Time- 

reversed 
channel 
impulse 
response

Circularized 
time index k 

We have unfurled the circularized time 
index k in order to see h(- k) as a 
function of positive time.  In effect, we 
have rendered h(- k) causal by reposit- 
ioning each of its sample values to be 
placed in positive bins.

Repositioning
neg. samples

0 is still 0.
-1 becomes +4.
-2 becomes +3.



������	
	���
���
�
���
��
��
��
��
���
����������	
����
�������
���
�
���
��
���

�

�

�

�








�

�

�

 
 
 
 �
�
�

�

�

�

�
















�

�

�

 







 �
 

���!
o

o

o

31 

x(k)

h(k)x(k)

h(- k)

Reversed 
Channel 
impulse 

response 
with 

circular 
indices

Example: Use of the CP makes 
linear convolution appear circular

  
  
  
  
  
  
  

        
positive bins
negative bins              0         - 4        - 3         - 2         - 1

     1     2    3     2     1   sampled data sequence x(k)
                                     
     3     0    0     1     2   circularized reversed
                                              impulse response h(k)

  Circular Convolution
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Channel impulse response
with circular indices

This is what we want.7        9      14      14      10

32 

Circular 
Convolution 

Output

Output

The next shift returns 
the process to step 1.
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x'(k)

 x(k) h(k)

 h(k)

 x(k)
 x'(k)

 h(k)
 h(k).

 x(k)
 h(k)
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x'(k)

x(k)

x(k) h(k)
h(k)

 x(k)
 x'(k)  h(k)

 h(k)



��������������	��
�����������	���	��	�	����������������������������� ������!��"#$�%&'()'*�+,#&"'�-)#.)+/0,)#�1,02�02&�-2"##&+�,*%/+3&�'&3%)#3&4��52&�'&3/+0,#6�3&7/&#-&��8��9��9��:���;���;���<��;���!�,3�3&&#�=&+)14�52,3�3,6#"+��8��9��9��:���;���;���<��;���!�'&3/+03�(')*�">?�@AB�-)#.)+/0,)#�1,02�-2"##&+�C���4��D')*�02&�(,6/'&�=&+)1��1&�3&&�02&�3,*,+"',0E�=&01&&#�02&�-,'-/+"'+E�-)#.)+.&$�3,6#"+�����FC����"#$�02&�+,#&"'+E�-)#.)+.&$�3,6#"+��G���FC���4HIJKLMNOLKPLQNRPLSTPLMTNOOPUVWLUXOPNYLMJOZJU[SXJOLUJJRLUXRPLMXYM[UNYMJOZJU[SXJO\]PLSYXMRLXSLKXSTLNL̂_L̀UJOaPYLSTNOLSTPLMTNOOPULbPUNcLWdYPNbeLQNRXOaLSTPLWXaONULUJJRLdPYXJbXMfghijhhkilimnopqrishpltuhiliuovjlwi�x�yimnljuzommhkLJZPY{|}~�{����|}����}|�������|}���������x�y��|}��~�����|}{����|}����{�}|~�����������x�y����x�y�}}||�����}|��}��}|��~�{������}|�{����}|��{�|}������|}~��~��{�|}~������������������ ¡¢� �£¤¥¦¤§̈©ª¢«¬�¤«�¢«¬®�¢§ �̄«¬�¤«̄«¬®�¢§ �§°��¬±�¬̄¢¤§«±¢¦¦��¬²��³�§ �¢¬�¤́µ�¶¬±�·̧ ¹�¬��º�¤§̈�¬±º̈¤§§¤§̈�¢§ �¬±�§ ¬�̈¬±�² »¼½¾¿ÀÁÂÃÄÅÆ¾ÄÁÇÈÉÊÈËÌÍÎÆÏÐÁÈÏÁÑÆÏÐÒÁÆËÄÁÓÑÏÐÁÈÏÓÑÏÐÒÁÆËÄÁËÑÔÑ¾ÁÐÕÑÁÐÓÆÈËÁÏÕÆÊÊÁÀÑÑÐÖÁÁ×ÑÁËÑÑÄÁÆÐ¾ÈØÙÁÚÐÕÑÁÛÜÝÁÐ¿ÁÞ¾ÈËÌÁÐÕÑÁÞÑÌÈËËÈËÌÁÆËÄÁÐÕÑÁÑËÄÐ¿ÌÑÐÕÑ¾Ö
35 

x'(k)

 x(k)

 x(k)  h(k).

 x(k)  h(k)
 h(k) x'(k)

 h(k)

 h(k)

Once a signal is launched, 
there is nothing in nature 
allowing us to fetch it back.
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 h(k) x'(k)

 h(k) x'(k)
 X(n) H(n) .

 h(k) x(k)

 h(k) x'(k)

Removed by 
receiver



CP discarded

37

(IDFT)

N is made larger than 
Nc by zero-padding Nc 

in the frequency 
domain, which raises 

the output sample rate 
(time interpolation).

  
  sinusoids out
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*

*
This was accomplished by removing

discontinuities at the boundaries, thereby maintaining orthogonality, 
and making equalization easy (multiplication by a complex scalar).

x(k) h(k)

 x'(k) h(k)

 X(n) H(n) .

 x'(k)

 x'(k)  h(k)

 h(k),



• The cyclic-prefix-end matches the signal-front. There will no longer be
a transient at the original time signal's starting edge.  The transient 
now resides at the new starting edge of the cyclic prefix. 

• During convolution, as the channel impulse response slides from
the cyclic prefix into the signal interval it has the appearance of 
leaving the signal’s back end, while entering the front end, without
discontinuities.  Thus the linear convolution appears to be circular.

We complete the process by discarding the CPs, after which there
will be an integer number of cycles per symbol time, and all of the
orthogonality rules will be saisfied. 24

•

End of cycle at
back end

Start of cycle at
        front end continuous edge

 which will be tossed.

transient at new 
starting edge

                                 MOVING THE DISCONTINUITIES 

•
•
•
•

Integer number of cycles per symbol interval
    

Hence back-end of CP = front-end of symbol
    

Continuous edge between added CP and old starting edge
    

Transient at new starting edge 28

That's why we moved the discontinuities 
to the CP in the first place.

      

Removing the CP at the receiver, means 
that we've removed the discontinuities.
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By Dr. Bernard Sklar  Equalization filters.  How does it do this?  In short, by "dividing 

  and conquering ."  It partitions a High-data-rate signal into  

Smaller low-data-rate signals so that the data can be sent over 

many low-rate subchannels.  We emphasize following: 
   

 The Big Picture:  Time/Frequency Relationships. 
 

 Single-Carrier versus Multi-Carrier Systems. 
 

 The 4 Key WSSUS Functions. 
 

 OFDM Implementation Examples. 
 

 Importance of the Cyclic Prefix (CP). 
 

 Converting Linear Convolution to Circular Convolution. 
 

 Periodic Outputs on a Unit Circle. 
 

 OFDM Waveform Synthesis and Reception. 
 

 Hermitian Symmetry. 
 

 Our "Wish List." 
 

 Testing for Orthogonality. 
 

 Tricking the Channel. 
 

 OFDM Applications (802.11a and LTE). 
 

 Single-Carrier OFDM (SC-OFDM). 



   

OFDM Applications

Standard 802.11a 
Wireless Local Area Networks (WLAN)



(and Channel Parameters)OFDM  Glossary  
 

 
N >                    Nc                   Ncp                  NL = N + Ncp 

  

TL        Ts = (N x TL) Tcp  TOFDM = (Ts + 

Tcp) = (NL x TL) 
 





f  = 1 / Ts          fs = (Nx







f ) = 1 / TL       W signal  = (Nc + 1)







f     
 

 
Channel parameters:              

               T0 Tm                                
                               f0 

 

transform sizenumber of
subcarriers

cyclic prefix
samples

total samples
per OFDM symbol

sample
time

symbol time
(data portion)

cyclic prefix
 time

OFDM symbol time

frequency difference
between adjacent subcarriers

sample rate OFDM modulation BW

coherence 
time

coherence BWmax 
multipath

delay

rms 
multipath

 delay

39

≈ 1/Tm  0f ≈ 1/5(50%)  f 
d

 ≈ 1/fd
coherence BW

over which the spectral
correlation is at least 0.5

fading rate 
(Doppler spectral

spreading)

 cN      

(data-symbol samples)

            
 
 cN       = 0.6 N  

typical subcarrier
apportionment

 cpT  
      

 
       = 0.25   

typical CP
apportionment

 sT



OFDM 802.11a               
Uplink and Downlink are Symmetrical

Nc = 52 Subcarriers (48 data + 4 pilot) in each 20 MHz Channel

BPSK with rate 1/2 code

1/2 x 48 x 250 ksymb/s = 6 Mbps

64-QAM with rate 3/4 code

3/4 x 48 x 6 x 250 ksymb/s = 54 Mbps

9

(250 OFDM ksymb/s)

See OFDM lecture by Fred
Harris on the Sklar-CD

Efficient spectral spacing to reduce ACI. Thus, the spectral tails (guard bands) are about 4 MHz.

between
FFT bins

Typical N-point FFT used is N = 64 or N = 128

Example of :

a Block of

8 Channels

Nc =

6

Each channel 
shown with

two-sided BW
around its center

frequency

T OFDM

T CP

T S

40 

(func of reqd ACI)

(Nc + 1) D  f

An OFDM Application

D  f
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popular choices

Typical Example (various ways to express parameters)

s t

64 x 312.5 kHz
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higher time 
resolution
& increased
sample rate.

two-sided BW
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(where Ncp
 = 0.25 N )

popular choices

Typical Example (various ways to express parameters)

 s t
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Time-resolution improves.  Sampling rate increases (requiring 
 interpolation).  Spacing between spectral copies increases (eases analog filtering).



OFDM Parameters (802.11 Typical Example)

signal 1
c

N fW

Wsignal = 53 x 312.5 kHz

= 16.56 MHz

Ncp N

16                64

N
L

= Ncp +  N = 80

Samples:

Tcp Ts

Time duration:

TOFDM=Tcp+ Ts = 4 s s

0.8 s 3.2 s

s1/ = 1/3.2 s

= 312.5 kHz

=f T Samp rate and time

TOFDM = N
L

xT
L

= 80 x 0.05 s= 4 s

N
c

= 52

44

   s

64 1
= 20 MHz

3.2 s
= = =

L

s
T

f
  T

N

R OFDM = 1/TOFDM = 250 ksymb/s

67

)

44

Transform size
 N = 64



802.11 OFDM Exercise

Consider an 802.11 OFDM system, having the followin g parameter
values: 64-point transform, with 48 message-occupie d bins, OFDM 
symbol time = 4 µsec, CP time = 0.8 µsec, data modulation is 16-QAM,
Error-correcting code rate = ¾.  Find the following :

(a) Sampling rate
(b) Sample time
(c) Code-bits per subcarrier
(d) Code-bits per OFDM symbol
(e) Data-bits per OFDM symbol
(f) Data rate

(g)  If the channel max delay spread = 20 samples, determine if the given 
CP time of 0.8 µsec will be long enough to mitigate the channel ISI.

45



Solution to 802.11 OFDM Exercise

(a)
OFDM CP

1 1 1
Tone spacing : 312.5 kHz

3.2 sec

Sample rate : 64 64 312.5 kHz = 20 MHz
s

s

f
T T T

f N f f

∆ = = = =∆ = = = =∆ = = = =∆ = = = =
− µ− µ− µ− µ

= × ∆ = × ∆ = ×= × ∆ = × ∆ = ×= × ∆ = × ∆ = ×= × ∆ = × ∆ = ×
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Solution to 802.11 OFDM Exercise

(a)

(b)

OFDM CP

1 1 1
Tone spacing : 312.5 kHz

3.2 sec

Sample rate : 64 64 312.5 kHz = 20 MHz
s

s

f
T T T

f N f f

∆ = = = =∆ = = = =∆ = = = =∆ = = = =
− µ− µ− µ− µ

= × ∆ = × ∆ = ×= × ∆ = × ∆ = ×= × ∆ = × ∆ = ×= × ∆ = × ∆ = ×

samp
1

50 nano - sec
s

T
f

= == == == =
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Solution to 802.11 OFDM Exercise

(a)

(b)

(c) 16-QAM yields 4 code-bits per subcarrier.

OFDM CP

1 1 1
Tone spacing : 312.5 kHz

3.2 sec

Sample rate : 64 64 312.5 kHz = 20 MHz
s

s

f
T T T

f N f f

∆ = = = =∆ = = = =∆ = = = =∆ = = = =
− µ− µ− µ− µ

= × ∆ = × ∆ = ×= × ∆ = × ∆ = ×= × ∆ = × ∆ = ×= × ∆ = × ∆ = ×

samp
1

50 nano - sec
s

T
f

= == == == =
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Solution to 802.11 OFDM Exercise

(a)

(b)

(c) 16-QAM yields 4 code-bits per subcarrier.

(d) 48 message-occupied subcarriers per OFDM symbol
48 x 4 = 192 code-bits per OFDM symbol

OFDM CP

1 1 1
Tone spacing : 312.5 kHz

3.2 sec

Sample rate : 64 64 312.5 kHz = 20 MHz
s

s

f
T T T

f N f f

∆ = = = =∆ = = = =∆ = = = =∆ = = = =
− µ− µ− µ− µ

= × ∆ = × ∆ = ×= × ∆ = × ∆ = ×= × ∆ = × ∆ = ×= × ∆ = × ∆ = ×

samp
1

50 nano - sec
s

T
f

= == == == =
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Solution to 802.11 OFDM Exercise

(a)

(b)

(c) 16-QAM yields 4 code-bits per subcarrier.

(d) 48 message-occupied subcarriers per OFDM symbol
48 x 4 = 192 code-bits per OFDM symbol

(e) Rate ¾ code:  ¾ x 192 = 144 bits per OFDM symbol

OFDM CP

1 1 1
Tone spacing : 312.5 kHz

3.2 sec

Sample rate : 64 64 312.5 kHz = 20 MHz
s

s

f
T T T

f N f f

∆ = = = =∆ = = = =∆ = = = =∆ = = = =
− µ− µ− µ− µ

= × ∆ = × ∆ = ×= × ∆ = × ∆ = ×= × ∆ = × ∆ = ×= × ∆ = × ∆ = ×

samp
1

50 nano - sec
s

T
f

= == == == =
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Solution to 802.11 OFDM Exercise

(a)

(b)

(c) 16-QAM yields 4 code-bits per subcarrier.

(d) 48 message-occupied subcarriers per OFDM symbol
48 x 4 = 192 code-bits per OFDM symbol

(e) Rate ¾ code:  ¾ x 192 = 144 bits per OFDM symbol

(f) Data rate:

OFDM CP

1 1 1
Tone spacing : 312.5 kHz

3.2 sec

Sample rate : 64 64 312.5 kHz = 20 MHz
s

s

f
T T T

f N f f

∆ = = = =∆ = = = =∆ = = = =∆ = = = =
− µ− µ− µ− µ

= × ∆ = × ∆ = ×= × ∆ = × ∆ = ×= × ∆ = × ∆ = ×= × ∆ = × ∆ = ×

samp
1

50 nano - sec
s

T
f

= == == == =

144 bits / symbol
36 Mbps

4 sec/ symbol
====

µµµµ
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Solution to 802.11 OFDM Exercise

(a)

(b)

(c) 16-QAM yields 4 code-bits per subcarrier.

(d) 48 message-occupied subcarriers per OFDM symbol
48 x 4 = 192 code-bits per OFDM symbol

(e) Rate ¾ code:  ¾ x 192 = 144 bits per OFDM symbol

(f) Data rate:

(g)

OFDM CP

1 1 1
Tone spacing : 312.5 kHz

3.2 sec

Sample rate : 64 64 312.5 kHz = 20 MHz
s

s

f
T T T

f N f f

∆ = = = =∆ = = = =∆ = = = =∆ = = = =
− µ− µ− µ− µ

= × ∆ = × ∆ = ×= × ∆ = × ∆ = ×= × ∆ = × ∆ = ×= × ∆ = × ∆ = ×

samp
1

50 nano - sec
s

T
f

= == == == =

144 bits / symbol
36 Mbps

4 sec/ symbol
====

µµµµ

CP

sampMax delay spread 20 samples   = 20 50 nano - sec = 1 sec

0.8 sec < 1 sec.  Therefore, we need a longer cyclic prefix. 

T

T

× × µ× × µ× × µ× × µ
= µ µ= µ µ= µ µ= µ µ
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16-QAM symbols sent as 3 OFDM symbols

47

1001    0100    0001    1110    0011    0000    0100
9          4          1         14         3           0     4

1011    0111    1110    1001    0100    0010    0001
11         7         14         9          4          2       1

0000    0011    0111    1101    0000    1100    0111
0          3          7         13         0         12      7

OFDM
data symbol 1

OFDM
data symbol 2

OFDM
data symbol 3

10010100000111100011000001001011011111101001010000100001
0000001101111101000011000111

Sending an 84-bit data sequence as 21

84-bit data sequence:



.    .    .    .

.    .    .    .

.    .    .    .

.    .    .    .

Gray-Coded 16-QAM

92

0000

0
0100

4
1100
12

1000

8

0001

1

0101
5

1101

13
1001

9

0011

3
0111

7

1111
15

1011
11

0010

2
0110

6
1110
14

1010
10

47

Shows the 
locations of 

the 4-bit data 
sequences in 

the 2-D 
constellation



.    .    .    .

.    .    .    .

.    .    .    .

.    .    .    .

Gray-Coded 16-QAM

92

0000

0
0100

4
1100
12

1000

8

0001

1

0101
5

1101

13
1001

9

0011

3
0111

7

1111
15

1011
11

0010

2
0110

6
1110
14

1010
10

48

.

message symbols:   9    4    1    14    3    0    4



Sending an 84-bit data sequence as 21

16-QAM symbols sent as 3 OFDM symbols

TOFDM-data

TOFDM-data

TOFDM-data

time                  49

Imaginary

Message symbols patitioned onto subcarriers



OFDM is Particularly Useful for High Data Rates, Such as Pictures or Video

• “A picture is worth 1000 words.” Is this age-old expression correct?  
Yes, in the behavioral sense.  But what about the task (i.e., bandwidth 
requirements) of sending a picture versus 1000 words of text?

• A high-quality 8x10 photo is made up of about 3 Megapixels.  A good 
quality color photo requires 8 bits per primary color per pixel, or 24 bits 
per pixel.  Thus such an 8x10 photo can be represented as a sequence 
of 72 Megabits.

• English text on average has about 4.5 letters per word.  Using ASCII 
with parity, each letter is made up of 8 bits.  Thus on average, one 
English word, on average, can be represented as a sequence of 36 bits.

• How many such 36-bit words comprise one good quality 8x10 color 
picture?  

=
672×10 bits per picture 2 million words per 8 x 10 picture

36 bits per word
• Therefore, sending one such picture via your cellphone is the 
equivalent of sending about six 500 page textbooks.

• 1000 words = 36,000 bits.  What size high-quality picture is worth a 
thousand words? Smaller than 1⁄4 inch x 1⁄4 inch.

• That’s why source coding of images & BW efficiency is important.     
50



59. In the early "battle" for the best codes (convolutioal vs. Reed-Solomon), what are the 

arguments for each, and why did convolutional win out?  (Sklar DIG notes, section 8) 

 

60. In mobile channels, how does the terrain affect fading?  How does the mobile-velocity

affect it?  (Sklar ADC notes, section 2)

62. In OFDM, what is the mitigation technique for precluding ISI?  For precluding ICI? 

(Sklar ADC notes, section 3)

64. For maintaining orthogonality among the subcarriers in OFDM, the tone spacing was 

chosen to be 1/T s

 

.  Why wasn't it chosen to be 1/T OFDM ?  

 

66. Early skeptics about MIMO, claimed that it violated Shannon's capacity theorem.  Why
is that not the case?  (Sklar ADC notes, section 4)

67. Why won't MIMO work in a multipath-free environment?  (Sklar ADC notes, section 4) 

 61. What is the advantage of circular-convolution versus linear-convolution?  How do we

trick the channel into performing circular convolution?  (Sklar ADC notes, section 3)

 

69. What are the Key Control Loops needed for system Synchronization?  (fred harris, "Let's 

Assume the System is Synchronized," Sklar ADC notes, section 8)

70. How do you shape a time waveform to meet system spectral-confinement requirements?

(Sklar DIG notes, sec 9 & ADC notes, sec 1)  Hint: symbol rate, sample rate, filter length, 

transition BW, out-of-band attenuation.

  

 

(Sklar ADC notes, sec. 3)  Hint: The time duration of a data pulse is longer than its main lobe.

65. How can SC-OFDM still be resistant to multipath when the data symbols are so short?   

1

63. Baseband OFDM symbols are typically made up of independent data at positive and 

negative spectral locations. How is this effected, and how is a real transmission-signal

formed?  (Sklar ADC notes, section 3)  

 68. Often, the signal-processing operations "DFT and IDFT" are called out as "FFT and IFFT,"
when one means the mathematical transformation.  Why is this NOT precise? 

51



Data Length Defines Sinc Width:

Spectral Spacing Matches Width

Ref:  fred harris, lecture on OFDM, San Diego State University
7

52

With the proper pulse spacing of 1/T, the sequence is orthogonal, 
characterized by the peak of each pulse experiencing zero-value 

interference from neighboring pulses.  Hence there is NO ISI.

Fourier Transform of an infinitely long sinusoid is an impulse function.
Fourier Transform of a gated-sinusoid is a sinc function.



Extended Data Length Reduces Sinc

Width: Spectral Spacing Preserved

Spectral spacing is preserved because we haven't

changed the cycles per interval (frequency).

We've just extended the length (as in

the case of a cyclic prefix).

7

One might ask, with the extended length (reduced sinc width) why not reduce the sub-carrier

spacing, thereby forming  a  family of extended orthogonal waveforms? Answer: Orthogonality in 

space is not what we're striving for.  We want orthogonal waveforms at the receiver, after the 

extension is discarded.

53

Extended Length Reduced Sinc Width Same Spacing as without Extension

CP
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Width: Spectral Spacing Preserved
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OFDM Applications

Long Term Evolution (LTE) 
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180 kHz

54

An OFDM Long Term Evolution (LTE) Application

                          

D f  = 15 kHz
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Note that whichever slot 
type is chosen (short or 
long CP) the data portion 
of the OFDM symbol is 
always the same size.

Frames, slots, OFDM symbols, & data symbols

D  f = 1/Ts

7 symbols 6 symbols

= 1 msec
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LTE allows for modulation types:
QPSK, 16-QAM, and 64-QAM

56
Tim

eIn LTE, there are 1201 subcarriers per 
OFDM symbol (not 7, as shown here).

   

In LTE 20 MHz channels, there are 1201
candidate subcarriers per OFDM symbol 
(not 7 as shown here).



OFDM in LTE (six channel bandwidth options - Release 8)

Transmission BW 1.4 3.0 5.00 10.00 15 20

Slot Duration 500 sec

Sub Carrier

Spacing 15 kHz (Modulation BW approx = 15 kHz x No. of occupied subcarriers)

Sampling

Frequency

1.92 MHz 3.84 MHz 7.68 MHz 15.36 MHz 23.04 MHz 30.72 MHz

FFT Size 128 256 512 1024 1536 2048

Number of Candidate

Sub Carriers

(approx 60% of FFT size)
76 151 301 601 901 1201

Number of OFDM

Symbols

Per Slot

7 Short Cyclic Prefix

6 Long Cyclic Prefix

Short CP Length

(in clock samples)

1-5.21 sec

10 Samples

6 4.69 sec

9 Samples

1-5.21 sec

20 Samples

6 4.69 sec

18 Samples

1-5.21 sec

40 Samples

6 4.69 sec

36 Samples

1-5.21 sec

80 Samples

6 4.69 sec

72 Samples

1-5.21 sec

120 Samples

6 4.69 sec

108 Samples

1-5.21 sec

160 Samples

6 4.69 sec

144 Samples

Long CP Length

16.67 sec

32 Samples

16.67 sec

64 Samples

16.67 sec

128 Samples

16.67 sec

256 Samples

16.67 sec

384 Samples

16.67 sec

512 Samples

N

N
 c

Transition BW reqmt of filters dictate that the  candidate subcarriers  N c be approx 60% of the FFT size N.

Includes DC 

subcarrier

77 6

Sample Rate f s  = 15 kHz x Transform Size N 

All BW values are
2-sided (MHz)

Modulation BW (MHz) 1.08 2.7 4.5 9.0 13.5 18.0
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D  f

In 802.11a, channel spacing is 20 MHz (func of reqd ACI).  Also N = 64 or 128.  Note the greater flexibility in LTE with 6 channel options. 

FIXED



1

0.03260.04340.06510.13020.26040.5208TL

Sample time ( µsec)

Samples per slot

Sample rate (MHz)

Occupied                 
subcarriers

Transform                        
size 

Number of RBs

Guard Band for each 
side (kHz)

Modulation
Bandwidth (Wm MHz)

Transmission BW 
(Wxmt MHz)   2-sided 201510531.4

18.0013.509.004.502.701.08

1920

3.84

180

256

15

150

3840

7.68

300

512

25

250 1000750500160

10075506

15360115207680960

30.7223.0415.361.92

120090060072

204815361024128

LTE Channel Bandwidth Configurations

Subcarrier spacing  ∆ f = 15 kHz.

Slot time = 0.5 ms.  Sub-frame time = 1 ms.  Frame time = 10 ms
  Transition BW Filter requirements dictate that  Nc ≈≈≈≈ 0.6 N. BW of RB = 180 kHz
Guard-band BW equals 10% of Channel BW except for 1.4 MHz case (22.85%)

N

Nc

s N  f=  ´ ∆

m# RBs 180 kHz/W====

fs/1=

Data portion of Symbol T s

 

66.667 µsec∆f  = /= 1

fDFT BW
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Sampling Requirements
• The 2-sided baseband spectrum of an OFDM symbol contains independent data 
on each of its two sides.

• Hence, OFDM baseband modulation doesn’t have Hermitian symmetry properties, 
and is complex. When up-shifted onto a transmission carrier wave, it then 
becomes a real time-signal with even Hermitian symmetry.

• To meet the Nyquist sampling criterion, the required sampling rate has often been
described as: exceeding twice the signal 's single-sided baseband bandwidth. 

• Hence Nyquist sampling in OFDM (which will be complex) is best described as 
requiring a sampling rate that must exceed the 2-sided baseband bandwidth.

• We verify that it does indeed meet that rate for both 802.11 and LTE.  In 802.11a, 
the 20 MHz channel has a 2-sided signal BW of approx 16 MHz and a sampling rate
of 20 MHz. In LTE, the 20 MHz channel has a 2-sided signal BW of approx. 18 MHz 
and a sampling rate of 30.72 MHz.

• The chosen sampling rate is forced by the transform size to allow for the proper 
spacing between FFT bins to sustain orthogonality of gated complex sine waves. 

sf N f= × ∆

• In the modern era, it is more appropriate to describe a signal's bandwidth in 
terms of its 2-sided spectrum.  Thus we recast the Nyquist sampling criterion as:
The sampling rate must exceed the 2-sided baseband bandwidth.
• The sampling rate fs defines the distance between spectral copies.  This distance
must exceed the 2-sided bandwidth in order to avoid spectral-overlap of copies.
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s

= N  x   f∆
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fs

/symbol.

15,360 samples 
in slot 

comprised of 
seven symbols

samples/slot = slot time x



Key OFDM Relationships

cN > N

OFDM CPsT = T T1 sf = T/ s sf = N T N f/ 

signal cW = N

Describe the effects of increasing the number N of the N-point IDFT 
transform.  Will it increase the sample rate?  Will it increase the OFDM  BW?

Describe the effects of decreasing f  the frequency spacing between 
tones.  And show the ways in which it can happen.

s sf T
N  f.

and are user independent parameters.

Once chosen, you've locked in and

61
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Key OFDM Relationships

cN > N

OFDM CPsT = T T1 sf = T/ s sf = N T N f/ 

Describe the effects of increasing the number N of the N-point IDFT 
transform.  Will it increase the sample rate?  Will it increase the OFDM  BW?

Describe the effects of decreasing f  the frequency spacing between 
tones.  And show the ways in which it can happen.

An increase in N by itself, will increase the sample rate, but will NOT increase
the BW because we are not sending samples; we are sending waveforms.  

The increased sample rate will result in greater time-domain resolution, and

will spread the spectral periodic copies further apart.  This makes the analog

filtering easier and less costly.

The effect of decreased f will increase the length of the OFDM symbol 

Ts making it less vulnerable for a given channel ISI.  Increased symbol 

length can come about by decreasing f , or increasing N (for fixed fs ) , 
or by increasing Nc (for fixed Wsignal ) .

s sf T
N  f.

and are user independent parameters.

Once chosen, you've locked in and
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Using the Table of LTE Channel BW Configurations
Show that when using 64-QAM, the Max OFDM Uncoded

Data Rate that can be supported for LTE ≈≈≈≈ 100 Mbps

Largest Channel BW            20 MHz

Largest Transform Size       2048

Candidate Subcarriers         1200

64-QAM                                   6 bits/subcarrier

Bits per OFDM Symbol          6 x 1200 = 7200 bits

Slot Time                                 0.5 ms

Symbol Time    0.5 ms / 7 =    71.429 µsec

Max Data Rate  7200 bits 71.429 µsec ≈≈≈≈ 100 Mbps

Overhead reduces this to ≈≈≈≈ 86 Mbps

/
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Another Way to Compute the Max OFDM Uncoded
Data Rate using Resource Blocks

Max Channel BW 20 MHz

Max Occupied BW,  
            

18 MHz

#RBs =   Wm ÷ 180 kHz/RB =  100 RBs

Each RB has   12 x 7  =         84 REs

100 RBs have                         8400 REs

64-QAM yields                        6 bits per RE

Bits per RB  =  6 x 84 =          504 bits                      

Bits per 100 RBs =                50400 bits

Bit Rate = 50400 bits 0.5 ms ≈≈≈≈ 100 Mbps

Overhead reduces this to ≈≈≈≈ 86 Mbps

/
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An OFDM Long Term Evolution (LTE) Application

                          

D f  = 15 kHz



Power vs Bandwidth OFDM Trade-Off for a 50 Mbps
D/L Channel for an LTE System (neglecting overhead)

Channel BW                         10 MHz 15 MHz

Transform Size                    1024 1536

Candidate Subcarriers         600 900

64-QAM bits/subcarrier:      6 bits                 16-QAM:   4 bits

Bits/OFDM symb: 6 x 600 = 3600 bits            4 x 900 = 3600 bits

OFDM Symbol Time =        71.429 µsec  71.429 µsec

Data Rate =
3600 bits

50 Mbps
71.429 sec

≈≈≈≈
µµµµ

3600 bits
50 Mbps

71.429 sec
≈≈≈≈

µµµµ

Smaller BW - needs Larger SNR                  Larger BW - needs Smaller SNR

64

A service provider typically responds to a wireless user's request for service (say a 50 Mbps 
channel) based upon the user's SNR.  If the user's SNR is large, the provider will respond with 
a small BW channel (10 MHz here).  If the SNR is small, the provider will offer a larger BW 
(15 MHz here) to support the requested bit rate. 

Shown above is a power versus bandwidth OFDM trade-off for a 50 Mbit/s downlink 
LTE channel (neglecting overhead).  Either a 10 MHz channel and 64-QAM modulation 
or a 15 MHz channel and 16-QAM modulation can support the user's 50 Mbps request.



D f
D f

D f
D f

D f
D f
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Transform size
N = 2048
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provider).  Also assume that the
LTE channel bandwidth is 20 MHz.

 (provided by service

There are 12 x 7 = 84 REs/RB.

Find the theoretical peak downlink 
and uplink bit rates for a 20 MHz 
channel.  The downlink uses 4 x 4 
MIMO.  The uplink is a single beam 
from UE to BS.
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Assume that the modulation is 
64-QAM, and that there is no 
error-correction coding.  Consider 
that reference and control channels 
use about 25% of the resources.



LTE Throughput Solution 

Downlink
20 MHz channel corresponds to 100 RBs, which contains 84 x 100 = 8,400 REs.

Theoretical Peak Data Rate (bits/ms) = number of REs per subframe
x number of bits per modulation symbol
   (64-QAM for this example)

6

(8400   2) REs
6 bits / symbol

1 ms/subframe
bits/sec = 16.8 10 REs/sec 6 bits / symbo 100.8 Mbpsl =

× ×××
==

× ×× ×× ×× ×

In a MIMO 4 x 4 system, peak data rate = 4 x 100.8 Mbps = 403.2 Mbps

About 25% of resources are needed for reference and control signals. 
That leaves:  ≈≈≈≈ 300 Mbps as the peak data rate.

Uplink
For a single beam from UE to BS, the peak data rate follows above 
computation, minus the MIMO, that is:  100.8 Mbps. After considering a 
25% reduction for reference and control, the peak data rate is: ≈≈≈≈ 75 Mbps.

67

subframe = slot-pair = 1 ms



 
IEEE Virtual Presentation Part 1 March 18, 2021 Abstract: The main benefit of OFDM is its ability to cope with 

The ABCs of OFDM Part 2 March 25, 2021 Severe multipath channel conditions without needing Complex 
By Dr. Bernard Sklar  Equalization filters.  How does it do this?  In short, by "dividing 

  and conquering ."  It partitions a High-data-rate signal into  

Smaller low-data-rate signals so that the data can be sent over 

many low-rate subchannels.  We emphasize following: 
   

 The Big Picture:  Time/Frequency Relationships. 
 

 Single-Carrier versus Multi-Carrier Systems. 
 

 The 4 Key WSSUS Functions. 
 

 OFDM Implementation Examples. 
 

 Importance of the Cyclic Prefix (CP). 
 

 Converting Linear Convolution to Circular Convolution. 
 

 Periodic Outputs on a Unit Circle. 
 

 OFDM Waveform Synthesis and Reception. 
 

 Hermitian Symmetry. 
 

 Our "Wish List." 
 

 Testing for Orthogonality. 
 

 Tricking the Channel. 
 

 OFDM Applications (802.11a and LTE). 
 

 Single-Carrier OFDM (SC-OFDM). 



   

Single-Carrier OFDM 
(SC-OFDM)



�������������	
�����
��������������
���������
	����������������
��	�������	�	�
��������	�
��	���������	�
����� !�����"����	��������#������
������
����������
�������	�
���������	$����	�
���%������������	���������

����	�������������������	����������	�
���&�&!������"��	
������������	
�������%��'�#�(������(�)���#
	���	�
��*���#���(�)�	�(�*��#����	�
����������	�
�� � ����
��&�+�+(��)�������  (���
������	�
�� +���+��
�� +��+!��,�����������������������	
�������
	������������������	-�����������������	
��������� ��+!��&������������	������	
�����

��(�����	���	�
����	�����	�
�	
����
��
��������	
�����	�	����������	�
� ��� � !��.��������	������/����	�����
���������
�*	�	�
����	
���
��*����	������	
��������� ��+�+!������0
�������
��1����������	
�����

��(����	
�����������%��������������(�������
�����
��	���(�������
����	��(�"����������������2��������������������������� �����
�� ��!�3��������	���
�(����������	�����
����	
����������%��"�������������(�������#��������	
�(����	
����
��	���(����	
�����	�	��(����	
��������������	�
� ���+!� �������������	�
����	�����	�
��#��������	
���	�����������	�#����������	�
����
��������	
��4*��������	�
� ���!�����5�����$	����	$���	���������
������	1������������(������������
�	
������$������
�	��
�������������	�
� ����,!�+������	��6�"7�#���#�������	����������������	
�89:;<<=>?@8AB=9CDECECD8F8DECGHI���� ��+3!CJ:;K8L=<=MNK8OM8BPQRSTU8V;W=?8NK8;8<;KXY;>MOY8VOLN>=8?Z?K=V?[ \]68



�������������	
�����
��������������
���������
	����������������
��	�������	�	�
��������	�
��	���������	�
����� !�����"����	��������#������
������
����������
�������	�
���������	$����	�
���%������������	���������

����	�������������������	����������	�
���&�&!������"��	
������������	
�������%��'�#�(������(�)���#
	���	�
��*���#���(�)�	�(�*��#����	�
����������	�
�� � ����
��&�+�+(��)�������  (���
������	�
�� +���+��
�� +��+!��,�����������������������	
�������
	������������������	-�����������������	
��������� ��+!��&������������	������	
�����

��(�����	���	�
����	�����	�
�	
����
��
��������	
�����	�	����������	�
� ��� � !��.��������	������/����	�����
���������
�*	�	�
����	
���
��*����	������	
��������� ��+�+!������0
�������
��1����������	
�����

��(����	
�����������%��������������(�������
�����
��	���(�������
����	��(�"����������������2��������������������������� �����
�� ��!�3��������	���
�(����������	�����
����	
����������%��"�������������(�������#��������	
�(����	
����
��	���(����	
�����	�	��(����	
��������������	�
� ���+!� �������������	�
����	�����	�
��#��������	
���	�����������	�#����������	�
����
��������	
��4*��������	�
� ���!�����5�����$	����	$���	���������
������	1������������(������������
�	
������$������
�	��
�������������	�
� ����,!�+������	��6�"7�#���#�������	����������������	
�89:;<<=>?@8AB=9CDECECD8F8DECGHI���� ��+3!CJ:;K8L=<=MNK8OM8BPQRSTU8V;W=?8NK8;8<;KXY;>MOY8VOLN>=8?Z?K=V?[ \]69

     

      SC-OFDM offers improved PAPR, which facilitates 
          the efficient operation of power amplifiers.
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Dirichlet is a periodically extended sinc function.
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Generating OFDM : Sinc functions representing narrowband data phasors are inputted 
into the IFFT.  Output time signal: Superposition of gated sinusoids.

Generating SC-OFDM: Sinc functions representing time waveforms are transformed (via 
the DFT) to wideband gated sinusoids.  Such wideband spectra are inputted into the IFFT.
Output time signal: Staggered sinc functions.                                         

          

IDFT



��������������	
���������������������
���������������������������������������������� !"#$%&'()*+,&-$&.$/0123$)-4$5%60123$7*)-,'+77+-8$)$,9*+9,$&.$:;5<$4)7)$,='>&?,��������@��������������
���������������AB�C���������������
������D��������E��E�����F�������������������F��������E�������D�G��D������������H��������I����������������������J�
KL�
��KM@������������������
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Waveform Formation

visulalization:
sinc functions 

NOT actually built

actually built

visulalization:
sinc functions 

NOT actually built

actually 
built

The signal length  
is a multiple of its 
sinusoidal basis 
functions (there are 
an integer number 
of cycles per gated 
sinusoid).

            

(1)

(2)

(2)

(1)

(3)

(4)



Input time 
samples to 

DFT

Input frequency 
samples to IDFT

Output time 
samples from 

IDFT

Output frequency 
samples from DFT

SC-OFDM: Same Time-Frequency Plot for DFT and IDFT

102

Start Here

Finish Here

staggered
sinc functions
in time domain

gated sinusoid
functions in

frequency domain
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(1)

(2)

(3)

(4)
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OFDM and SC-OFDMOFDM
Data is characterized by a set of points in 2-space
that are mapped into coefficients of a sinusoidal basis
set that describe the details of each sinusoid to be built.

Gated sinusoids

f

f

R(1) H (f-n )1 1
R(1) (f-n )1

R(2) (f-n )2R(2) H (f-n )2 2

IDFT

TOFDM

t

t

R(1) h (t-k)1 1

R(2) h (t-k)2 2

t

t

R(1)h (t-k)1 1

R(2)h (t-k)2 2

f

f

f

f

M (f)1

1(f)

2(f)

M (f)2

SC-OFDM
Data is characterized
by a set of points that can
be visualized as (sin x)/x
functions, offset in time

IDFTDFT
Wideband
spectrum

Actually built:
Time offset
(sin x)/x
pulses

Each time point 
taken one at a 
time (with zero 
extension)
yields a WB 
spectrum with
a phase slope TOFDM

1

Visualization: (sin x)/x    
     

Time Domain

Frequency Domain
 Gated Sinusoids

1

38

frequency time

coefficients in samples
out

time samples in time

samples
out

frequency
coefficients

(not actually built)
It is the transform of a gated sinusoid.

Each data 
symbol is 
mapped to a 
separate
subcarrier
(i.e., carried by 
a sinc function 
in frequency).

Each data 
symbol is 
mapped to 
multiple
subcarriers
(i.e., carried
by a sinc 
function in time). Zero extensions provide

   frequency padding. 61

Staggered
Sinc Functions

Staggered
Sinc Functions

Key added
step for

SC-OFDM
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              The IFFT performs a
         Dual-like function in 
         SC-OFDM compared
         to ordinary OFDM.
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