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Orthogonal Frequency Division Multiplexing (OFDM)

Introduction:

e OFDM is a special case of FDM!

e The channels are separated with each other by
unused bandwidth called as guard bands to
prevent the inter-channel crosstalk and
overlapping of the channel.

e The subchannels are closely spaced and
overlap each other.
Why subchannels (subcarriers) do not interfere with each other?)
e When a signal reaching its peak its two
neighboring signals are at null or zero.
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Motivation

e High-bit-rate wireless applications.
e Limitations caused by the radio environment.
OFDM can overcome these inherent bit rate limitations.
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Doppler Spread

» A measure of the spectral broadening caused by the channel time variation.

Cdevice

< 2
fos—

Cdevice IS the speed of mobile device.

Implications (problems due to Doppler frequency shift)

» Signal amplitude and phase decorrelate after a time period T, = 1/fp
> In other words, the signal will loss orthogonality.

Example 1: A car moving at speed of 96Km/h. The user which riding the car has a 4G cellular
phone transmits at carrier frequency of 900MHz, calculate the Doppler frequency.

. 3
Solution: The speed in m/s is 92233 = 26.6667m/s,

c 3x108 1

A== 20 1y

fo  900x106 3

Chevice — 26.66667 _
fp = Sdevice = 2666667 — gz

3

Example 2: A subscriber doing a call while he driving a car moving at speed of 8Km/h. If the
transmission frequency 5GHz, what will be the Doppler frequency?

- 3
Solution: The speed in m/s is 8:62‘; = 2.2222m/s,

c 3x108
A= E = X100 = 0.06m

_ Sdevice — 2.2222 _
fo = =556 = 37Hz
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Delay Spread (Time Domain Interpretation):

Two-ray model
4‘ | T =rms delay spread
2T [—
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Bandwidth W = N - Af = N
Ty Red: Channel frequency response, H(f)
Blue: Subchannel spectrum in OFDM
We know that QAM is a combination of ASK and PSK.
Also, we know that he symbol duration Ty = vTy,.
OFDM is a combination of QAM and FSK.
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e Instead of activating only one out of N carriers as in FSK, in OFDM, all the carriers can
be activated all the time and QAM symbols are sent over each carrier.

» The data rate on each subchannel is much less than the total data rate,

» Then the corresponding subchannel bandwidth is much less than the total system
bandwidth.

The number of subchannels (N) can be chosen so that each subchannel has a bandwidth small
enough so that the frequency response over each subchannel’s frequency range is
approximately constant. This ensures that ISI on each subchannel is small.

» The subchannels in OFDM need not be contiguous (neighboring), so a large continuous
block of spectrum is not needed for high rate transmission.

e The main technical issues that impair performance of OFDM are frequency offset and

_________
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OFDM signal

U OFDM signal is obtained as a sum of N QAM signals, one is centered at its own carrier
frequency
U Let Ty be the duration of each OFDM symbol.

Then the relationship between T and the information bit rate R, (or the bit duration T;, = Ri)
b

can be found as follows.

U Let M = 2V be the size of the QAM constellation used on carrier f,,
O It means that each QAM symbol sent over the nt" channel can carry [ bits.
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U The total number of bits sent over all channels in each OFDM symbol is therefore equal
toV =vN

Q Thatis, Ty = VTj = = = vNT,,
b

O Since each QAM symbol lasts over Ty seconds,
Q all the carriers {cos(2mf,t),sin(2rf,t)}N=2, can be made noncoherently orthogonal

over the duration of T, if the minimum carrier spacing is - ,

Qie fp=fo+7-,n=0,1,... ,N-L
N
O Now, let the bandwidth of each subchannel is approximated as I Then, the bandwidth of
the OFDM signal is

B—1+(N 1A —1+(N 1)1—N
- Ty f‘m Tw Ty

Implementation:

O OFDM Modulation/Demodulation technique can be implemented using Digital Signal
Processor (DSP),

U Modulation: is using Inverse Discrete Fourier Transform (IDET),

O Demodulation: is using the Dscrete Fourier Transform (DFT).

(a) Transmitter X[-u], X[=p +1],---. X[N ~1]
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% | M-QAM X1 _ 1] | cyclic | () (0
r, bits/sec| ~ " | modulator "] IDFT T prefix, i i
— > % g or : and
o \ IFFT | - parallel-
& >
<] . | s ) . to-serial ()
o -OAM XN -1] “Y[‘J\'_l]_‘ converter
- FLONE - Ll
| modulator o cos(27 /1)
oy e IN=TT ol
sin (27./,1) . el > | MrQAM >
‘ t=nT, demodulator
b Remove 1] Y[1] V,-QAM o
p=1) =0 prefix, "| FFT " | demodulator " Z | bits
r(t) and . or . &
- . .| =
e K PO AR S I
p(=1) =0 cinverter ) ks h =
VN 7.1_]_ Y[N 711 My -QAM _
cos(27fit) o " | demodulator o

(b) Receiver




Third Year Class: First Semester 2019-2020 (Lecture # 10)

Dr. Montadar Abas Taher

An OFDM Modem
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Cyclic Prefix (CP)

A very important operation called cyclic prefix (CP) extension is performed on the OFDM
symbol to eliminate the ISI.

Append last ¢ symbols to the front

v

XN =yl x[N—-p+1],---

AN 1]

XN —=pu),x[N—pu+1],--- . x[N-1]

Cyclic prefix (CP) of length y

x[o],xm,x[zL-H--,xw—y—n

Original signal sequence of length N

CP X[0]ere, X[ N —1] CP X[0],eee, X|N —1] CP X[O].v e, XN —1] CpP
CP Data block CP Data block CP Data block
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e Let Ty be the duration of one OFDM symbol,
e Then the distance between two adjacent time samples is T = %"

e With u being the number of time samples in the cyclic prefix,
e The length of the cyclic prefix is uTs = %TN

e Thus, u= [Tl] to prevent ISlI.

» The benefits of adding a cyclic prefix come at a cost!!!
o Since u symbols are added to the input data blocks, there is an overhead of u/N
and a resulting data-rate reduction of 1 — N/(u + N).
o The transmit power associated with sending the cyclic prefix is also wasted since
this prefix consists of redundant data.

Example 1: In 802.11a standard, N = 64 subcarriers are generated. However, only 48 carriers
are actually used for data transmission, the outer 12 carriers are zeroed in order to reduce
adjacent channel interference, and 4 carriers used as pilot symbols for channel estimation and
synchronization. The cyclic prefix consists of ¢ = 16 samples. The modulation types that can be
used on the subchannels are BPSK, QPSK, 16-QAM, or 64-QAM. The bandwidth B (and
sampling rate 1/T;) is 20 MHz, and there are 64 subcarriers evenly spaced over that bandwidth.
Determine:

1. The total number of samples associated with each OFDM symbol, including both data
samples and the cyclic prefix,

The subcarrier bandwidth,

The maximum delay spread for which ISI is removed,

The symbol time per subchannel,

The data rate for this system, corresponding to BPSK, QPSK, 16-QAM, and 64-QAM,
Find the Date Rate Reduction percentage.

ok wnN

Solution:

(1) The cyclic prefix consists of g = 16 samples, so the total number of samples associated with
each OFDM symbol, including both data samples and the cyclic prefix, is 64+16=80.

(2) The subcarrier bandwidth is:

g, o B_20x10° o ckn
NTNT T e Orefthiz

(3) The maximum delay spread (z) for which ISl is removed is:
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16

E = E = m =0.8x%x 10_653C = 0.8#886

T<uls=up

(4) The symbol time per subchannel is: We have both the data and CP, there are 80=64+16
samples per OFDM symbol, Thus the symbol time per subchannel:

Tiotar = Ty + uTs = (N + w)Ty = 80T = = 4usec

20 x 106
(5) The data rate for this system, corresponding to BPSK, QPSK, 16-QAM, and 64-QAM:

The data rate per subchannel is log21)  Remember there are only 48 subcarriers carry data, then:
total

BPSK:- R, = 48 sub.x 28200 _ 4g, 108:@ _ 18 _ 15 106pps = 12Mbps

Ttotal 4x1076 4x1076
. _ log,(M) _ log,(4) _ 2 6 _
QPSK:- R, = 48 sub.X Teo) 48 X Tx10-¢ = 48 X oI = 24 X 10°bps = 24Mbps
16-QAM:- R, = 48 sub.x 282U _ 4g, 10800 _ 4 *  _ 48 x 105hps = 48Mbps
Ttotal 4X10 4x10

64-QAM:- R, = 48 sub.x 28280 _ 4g 5 108208 _ 45

Ttotal 4%x1076 4%x107°

= 72 X 10%bps = 72Mbps

(6) The percentage data rate reduction is:

)xW—(l 64 >><100—20‘V
0= 16 + 64/ 100 “7°

DRR% = (1 “TIN
Example 2: In an OFDM system, the maximum delay spread was 40usec uses QPSK as
baseband modulation (constellation mapping). It is required to transmit at overall OFDM period
of 200usec. If the Bandwidth of the system was 800KHz, and 8-subcarriers are reserved for zeros
and synchronization, what will be the subcarrier spacing, transmitted rate, and the percentage
data rate reduction?

Solution:
T= % - pu=1B=40x10"°x800 x 103 = 32 subcarriers as CP
U
Teotar = Ty + uTs =Ty + E
200X 107 =Ty + 32
— V7800 x 103

Ty = 0.00016sec = 160usec




Third Year Class: First Semester 2019-2020 (Lecture # 10) Dr. Montadar Abas Taher

N
B=T— - N =TyB =800x 103 x 160 x 107°
N
N = 128 subcarriers in this OFDM system

, , B 800 x 103
subcarrier spacing Af = N= 138

Since there are 8-subcarriers reserved for zeros and synchronization, then there are
Nearry aata = N —8 = 128 — 8 = 120 carrier holds data

= 6250Hz = 6.25KHz

PSK:- R, = 120 sub.x 282 _ 19 5 10824 _ _120x2 _ 5 106pps = 1.2Mbps
b p p

Ttotal 200%10~6  200%x10~6

The percentage data rate reduction is:

)x%=<1— 128 >><100=25%

u+N 32 + 128/ 7 100

Example 3: The Advanced Cellular Internet Service (ACIS) provides wide-area Internet
service to mobile subscribers in Europe. This ACIS combines OFDM with multiple transmitter
and receiver antennas and coding. The total working bandwidth is 800KHz, the tone spacing is
4.17KHz. If the guard interval was 48.5usec, determine the total number of subcarriers, the
OFDM symbol duration and the total system duration, and the data rate if 64-QAM mapping was
employed assuming 64-tones reserved for channel estimation and other signaling operations.

DRR% = (1 —

Solution:

1 1
Af:— - TN=

S — V)
Ty Af - @17 x 108 “Ousec

N
B = r - N = BTy =800 x 103 x 240 x 10~ = 192 subcarriers holding data
N

T = % - pu=1B=485x%107°%x800 x 103 = 39 subcarriers as CP

1 1
B=— ->T;=

T BT 800 x 105 L2omsec

Tioras = T + uTs = 240 X 107 + 39 x 1.25 x 10~¢ = 288.75usec

Example 4: The IEEE802.11(a) is the standard name of the wireless LAN (WLAN) for indoor
applications. Its spectrum is around 5GHz. However, WLAN uses OFDM modulation scheme
where the subcarrier modulation is either DBPSK or QPSK or 16-QAM. If there are 48
Subchannels out of 64 for data, and 16 samples as cyclic prefix, calculate:

1. The total number of samples associated with each OFDM symbol, including both data
samples and the cyclic prefix,

10
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The subcarrier bandwidth,

The maximum delay spread for which ISI is removed,

The symbol time per subchannel,

The data rate for this system, corresponding to DBPSK, QPSK, and 16-QAM,
Find the percentage Date Rate Reduction.

ok wn

Solution:

(1) The cyclic prefix consists of u = 16 samples, so the total number of samples associated with
each OFDM symbol, including both data samples and the cyclic prefix, is 64+16=80.

(2) The subcarrier bandwidth is:

B 5x10°

BN_N_ 64

= 78.125MHz

(3) The maximum delay spread (z) for which ISI is removed is:

1 16
T < uTy = hp = % = tx107 = 3.2 X 107 %sec = 3.2nsec

(4) The symbol time per subchannel is: We have both the data and CP, there are 80=64+16
samples per OFDM symbol, Thus the symbol time per subchannel:

80
Tiotar = Ty + uTs = (N + ,U)Ts = 80T = W = 16nsec

(5) The data rate for this system, corresponding to DBPSK, QPSK, and 16-QAM:

The data rate per subchannel is l(;gzﬂ . Remember there are only 48 subcarriers carry data, then:
total

DBPSK:- R, = 48 sub.x 128200 _ 4g 5 108:®) _ 48 __
Ttotal 16x10 16X10

= 3 X 10%°bps = 3Gbps

QPSK:- R, = 48 sub.x 28280 _ 4g 5 1080 _ 4g, 2
Ttotal 16x10 16x10

= 6 X 10°bps = 6Gbps

16-QAM:- R, = 48 sub.x 2828 _ 4g 108206 _ yg. ¢

Ttotal 16x107° 16x107°

=12 x 10°bps = 12Gbps

(6) The percentage data rate reduction is:

)x‘y—(l 64 )xlOO—ZOfV
0 16 +64) 100 7

DRRY =(1—
% u+N

11




