
radio signals behave in the real
world. Along with the general
challenges of signal-to-
noise ratio, the main
types of problems
are self-interfer-
ence (intersym-
bol interference
or ISI) and fad-
ing owing to
multipath ef-
fects, which oc-
cur when the
same signal ar-
rives at a receiver
via different paths.

The main way to pre-
vent multipath errors is to
transmit a short block of data (a sym-
bol) then wait until all the multipath
echoes fade before sending another
symbol. This waiting time is often re-
ferred to as the guard interval.

The longer the guard interval,
the more robust the system is in
the presence of multipath effects.
But during the guard interval, the
system gets no use from the avail-
able spectrum. So the longer the
wait, the lower the effective chan-
nel capacity.

Some guard interval is necessary
for any wireless system, but the
goal is to minimize that interval and
maximize the symbol transmission
time. OFDM meets this challenge
by dividing transmissions among
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T he robust high-bandwidth capa-
bilities of orthogonal frequency
division multiplexing (OFDM)

confer immediate advantages on
wireless products that can take ad-
vantage of it—and many types of net-
working systems are doing so.
OFDM underlies the existing IEEE
802.11a wireless LAN (WLAN) stan-
dard and the proposed IEEE 802.11g
WLAN standard, as well as digital ca-
ble, DSL, digital TV, and power-line
networking products. OFDM is also
being considered for use in 4G cellu-
lar systems.

The reasons for this widespread in-
terest become clear from a glance at
OFDM characteristics. In 802.11a,
OFDM provides raw data rates up to
54 Mbits/s in a 20-MHz channel. In
addition to supporting high data capac-
ity and resisting degradation from vari-
ous types of radio effects, OFDM
makes highly efficient use of the avail-
able spectrum. The latter characteris-
tic will become crucial in coming years
as wireless networks are built out, es-
pecially in enterprise environments.

Managing imperfect airwaves
All wireless systems have to deal

with the many unruly ways in which

multiple subcarriers. The same
guard interval can then be ap-

plied to each subcarrier,
while the symbol trans-

mission time is multi-
plied by the number

of subcarriers.
Since 802.11a

OFDM uses 52
subcarriers, for ex-
ample, an 802.11a
WLAN can afford

52 times the guard
interval than a sin-

gle-carrier system
could. The 802.11a sub-

carriers are spaced 312.5-
kHz apart. The symbol period is

3.2 µs plus an 800-ns guard interval.
The system thus tolerates peak

multipath delays of nearly 800 ns.
Compared with the 65 ns of mul-
t ipa th  to lerance  prov ided by
many 802.11b direct  sequence
spread spectrum (DSSS) based
products, OFDM represents a 12-
plus times improvement in multi-
path tolerance.

Using multiple subcarriers also
makes OFDM systems more robust
in the presence of fading. Because
fading typically decreases the re-
ceived signal strength at particular
frequencies, the problem affects
only a few of the subcarriers at any
given time. Error-correcting codes
provide redundant information that
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ers in the transmitter is easy using
an inverse FFT.

To ensure that this orthogonality
is maintained at the receiver (so
that the subcarriers are not mis-
aligned), the system must keep the
transmitter and receiver clocks
closely synchronized—within 2
parts per million in 802.11a systems.
The 802.11a standard therefore ded-
icates four of its 52 subcarriers as
pilots that enable phase-lock loops
in the receiver to track the phase
and frequency of the incoming sig-
nal. This method also eliminates
low-frequency phase noise.

Separating the subcarriers via an
FFT requires about an order of mag-
nitude fewer multiply-accumulate op-
erations than individually filtering
each carrier. In general, an FFT im-
plementation is much simpler than
the RAKE receivers used for CDMA
and the decision-feedback equalizers
for TDMA.

The complexity advantage of
OFDM grows dramatically as the
data rate increases. The complexity
of the transceivers is hidden inside
the chipsets that implement a partic-

enables OFDM receivers to restore
the information lost in these few er-
roneous subcarriers.

Each of the subcarriers in an
OFDM system can be modulated in-
dividually using whatever technique
suits the application. In 802.11a, the
choices include BPSK, QPSK, 16-
QAM, and 64-QAM.

After modulation, the data from all
the subcarriers are converted to a
single stream of symbols for trans-
mission. At the receiver, the stream
is converted to the frequency do-
main via fast Fourier transform
(FFT), then each “frequency bin”
(subcarrier) is decod-
ed separately.

Why orthogonal?
Traditionally, fre-

quency division multi-
plexing (FDM) has
used conventional fil-
tering to separate sub-
carriers at the receiv-
er. This approach
required the insertion
of significant guard
bands between the
subcarriers (different
from the guard inter-
vals that prevent ISI).

Making the subcar-
riers mathematically
orthogonal was a breakthrough for
OFDM because it enables OFDM
receivers to separate the subcarri-
ers via an FFT and eliminate the
guard bands. As Fig. 1 shows,
OFDM subcarriers can overlap to
make full use of the spectrum, but
at the peak of each subcarrier spec-
trum, the power in all the other sub-
carriers is zero.

OFDM therefore offers higher
data capacity in a given spectrum
while allowing a simpler system de-
sign. Creating orthogonal subcarri-

ular standard, but reducing device
complexity and signal-processing re-
quirements lead to benefits cus-
tomers can see. A simpler chip is
more reliable and can reduce costs.
Perhaps more important, the simpler
circuitry helps reduce the system’s
power demands—a crucial advan-
tage for mobile devices.

The wireless future
Since inexpensive and high-perfor-

mance CMOS 802.11a chipsets en-
tered the market in September 2001,
the relative merits of 802.11a and
802.11b have increasingly been de-

bated. However,
802.11a’s underlying
OFDM technology
is easily superior to
802.11b’s DSSS ap-
proach in terms of
both bandwidth and
robustness, so for
technologists the de-
bate has been a non-
starter.

The supporters of
802.11b have even
adopted OFDM as
the technology of
choice for eventual
successor products
to 802.11b in the
2.4-GHz band. The

proposed standard for these prod-
ucts is 802.11g.

The introduction of chipsets that
support both 802.11a and 802.11b as
well as the 802.11g draft standard has
resolved the debate about WLAN
standards. With the ability to choose
any of these standards, increasing
numbers of users will see the advan-
tages of OFDM first hand. 802.11a’s
combination of OFDM and the inter-
ference-free 300-MHz-wide 5-GHz
band are proving that the future of
WLANs lies in this direction. EP

First Subcarrier
Second Subcarrrier
Third Subcarrier

Fig. 1. OFDM subcarriers
can overlap to make use of
the spectrum, but at the
peak of each subcarrier
spectrum, the power in all
the other subcarriers is zero.
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