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Today the rapidly increasing communications systems are operating in an increasingly
crowded frequency spectrum. The only solution appears to be sharing the precious
frequency resources among different users, and there comes the need for developing various

multiple access techniques.

Text

Part |: Multiple Access Techniques: FDMA, TDMA and CDMA

Multiple access schemes are used to allow many simultaneous users to use the same
fixed bandwidth radio spectrum. In any radio system, the allocated bandwidth is always
limited. For mobile phone systems the total bandwidth is typically SOMHz, which is split in
half to provide the forward and reverse links of the system. Sharing of the spectrum is
required in order to increase the user capacity of any wireless network. FDMA, TDMA and
CDMA are the three major methods of sharing the available bandwidth to multiple users in
wireless system. There are many extensions, and hybrid techniques for these methods, such
as OFDM, and hybrid TDMA and FDMA systems. However, an understanding of the three
major methods is required for understanding of any extensions to these methods.

Frequency division multiple access

In Frequency Division Multiple Access (FDMA), the available bandwidth is
subdivided into a number of narrower bands. Each user is allocated a unique frequency
band in which to transmit and receive. During a call, no other user can use the same
frequency band. Each user is allocated a forward link channel (from the base station to the
mobile phone) and a reverse channel (back to the base station), each being a single way link.
The transmitted signal on each of the channels is continuous allowing analog transmissions.
The bandwidths of FDMA channels are generally low (30 kHz) as each channel only
supports one user. FDMA is used as the primary breakup of large allocated frequency bands
and is used as part of most multi-channel systems. Figures 5.1 and 5.2 show the allocation

of the available bandwidth into several channels.
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Figure 5.1 FDMA showing that the each narrow band channel is allocated to a single user

Frequency

Figure 5.2 FDMA spectrum, where the available bandwidth is subdivided into narrower band channels

Time division multiple access

Time Division Multiple Access (TDMA) divides the available spectrum into multiple
time slots, by giving each user a time slot in which they can transmit or receive. Figure 5.3
shows how the time slots are provided to users in a round robin fashion, with each user

being allotted one time slot per frame.'
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Figure 5.3 TDMA scheme where each user is allocated a small time slot

TDMA systems transmit data in a buffer and burst method, thus the transmission of
each channel is non-continuous. The input data to be transmitted is buffered over the
previous frame and burst transmitted at a higher rate during the time slot for the channel.?
TDMA cannot send analog signals directly due to the buffering required, thus is only used
for transmitting digital data. TDMA can suffer from multipath effects as the transmission
rate is generally very high. This leads the multipath signals causing inter-symbol
interference.

TDMA is normally used in conjunction with FDMA to subdivide the total available

bandwidth into several channels. This is done to reduce the number of users per channel
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allowing a lower data rate to be used. This helps reduce the effect of delay spread on the
transmission. Figure 5.4 shows the use of TDMA with FDMA. Each channel based on
FDMA, is further subdivided using TDMA, so that several users can transmit over one
channel. This type of transmission technique is used by most digital second generation
mobile phone systems. For GSM, the total allocated bandwidth of 25MHz is divided into

125 channels using FDMA, each having a bandwidth of 200 kHz. These channels are then
subdivided further by using TDMA so that each 200 kHz channel allows 8~ 16 users.

o
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o

Figure 5.4 TDMA/FDMA hybrid in which the bandwidth is split into frequency channels and time slots

Code division multiple access

Code Division Multiple Access (CDMA) is a spread spectrum technique that uses
neither frequency channels nor time slots. In CDMA, the narrow band message (typically
digitized voice data) is multiplied by a large bandwidth signal which is a pseudo random
noise code (PN code). All users in a CDMA system use the same frequency band and
transmit simultaneously. The transmitted signal is recovered by correlating the received

signal with the PN code used by the transmitter. Figure 5.5 shows the general use of the
spectrum using CDMA.

Figure 5.5 Code division multiple access (CDMA)

CDMA technology was originally developed by the military during World War 1II.
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Researches were spurred into looking at ways of communicating that would be secure and
work in the presence of jamming. Some of the properties that have made CDMA useful are:
¢ Signal hiding and non-interference with existing systems..

e Anti-jam and interference rejection.

e Information security.

e Accurate ranging.

e Multiple user access.

e Multipath tolerance.

For many years, spread spectrum technology was considered solely for military
applications. However, with rapid developments in LSI and VLSI designs, commercial
systems are starting to be used.

CDMA process gain

One of the most important concepts required in order to understand spread spectrum
techniques is the idea of process gain. The process gain of a system indicates the gain or
signal to noise improvement exhibited by a spread spectrum system by the nature of the
spreading and despreading process.3 The process gain of a system is equal to the ratio of the
spread spectrum bandwidth used, to the original data bit rate. Thus, the process gain can be

written as:
G - BWg
7 BW.

info
where BWgr is the transmitted bandwidth after the data is spread, and BWing is the
bandwidth of the information data being sent.

Figure 5.6 shows the process of a CDMA transmission. The data to be transmitted (a) is
spread before transmission by modulating the data using a PN code. This broadens the
spectrum as shown in (b). In this example the process gain is 125 as the spread spectrum
bandwidth is 125 times greater than the data bandwidth. Part (c) shows the received signal.
This consists of the required signal, plus background noise, and any interference from other
CDMA users or radio sources. The received signal is recovered by multiplying the signal by
the original spreading code. This process causes the wanted received signal to be despread
back to the original transmitted data. However, all other signals uncorrelated to the PN
spreading code used become more spread. The wanted signal in (d) is then filtered removing
the wide spread interference and noise signals.

CDMA generation

CDMA is achieved by modulating the data signal by a pseudo random noise sequence
(PN code), which has a chip rate higher than the bit rate of the data. The PN code sequence
is a sequence of ones and zeros (called chips), which alternate in a random fashion. The
data is modulated by modular-2 adding the data with the PN code sequence. This can also
be done by multiplying the signals, provided the data and PN code are represented by 1 and
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—1 instead of 1 and 0. Figure 5.7 shows a basic CDMA transmitter.
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Figure 5.6 Basic CDMA transmission
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Figure 5.7 Simple direct sequence modulator

The PN code used to spread the data can be of two main types. A short PN code
ta bit. The short PN

e synchronization of

(typically 10~128 chips in length) can be used to modulate each da

code is then repeated for every data bit allowing for quick and simpl

the receiver. Figure 5.8 shows the generation of a CDMA signal using a 10-chip length short

code. Alternatively a long PN code can be used. Long codes are ge

millions of chips in length, thus are only repeated infrequently. Because of this they are

useful for added security as they are more difficult to decode.

nerally thousands to
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Figure 5.8 Direct sequence signals

CDMA forward link encoding

The forward link, from the base station to the mobile, of a CDMA system can use
special orthogonal PN codes called Walsh code, for separating the multiple users on the
same channel. These are based on a Walsh matrix, which is a square matrix with binary

elements, and dimensions which are a power of two. It is generated from the basis W, = 0

and that:
Wn I/I/n
W2n = 17
W}'I Wn

where W, is the Walsh matrix of dimension n. For example:

0000
0 0 0101

W, = W, =
0 1 0011
01 10

Walsh codes are orthogonal, which means that the dot product of any two rows is zero.
This is due to the fact that for any two rows exactly half the number of bits match and half
do not.

Each row of a Walsh matrix can be used as the PN code of a user in a CDMA system.
By doing this the signals from each user is orthogonal to every other user, resulting in no
interference between the signals.4 However, in order for Walsh codes to work the
transmitted chips from all users must be synchronized. If the Walsh code used by one user is
shifted in time by more than about 1/10 of a chip period with respect to all the other Walsh
codes, it loses its orthogonal nature, resulting in inter-user interference.” For the forward
link signals for all the users originate from the base station, allowing the signals to be easily
synchronized.

CDMA reverse link encoding

The reverse link is different to the forward link because the signals from each user do
not originate from a same source as in the forward link. The transmission from each user

will arrive at a different time, due to propagation delay and synchronization errors. Due to
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the unavoidable timing errors between the users, there is little point in using Walsh codes as
they will no longer be orthogonal.6 For this reason simple pseudo random sequence which
are uncorrelated, but not orthogonal are used for the PN codes of each user.

The capacity is different for the forward and the reverse links because of the
differences in modulation. The reverse link is not orthogonal, resulting in significant

inter-user interference. For this reason the reverse channel sets the capacity of the system.7
Part Il : Orthogonal Frequency Division Multiplexing

Orthogonal Frequency Division Multiplexing (OFDM)—essentially identical to Coded
OFDM (COFDM)—is a digital multi-carrier modulation scheme, which uses a large number
of closely-spaced orthogonal sub-carriers. Each sub-carrier is modulated with a
conventional modulation scheme (such as quadrature amplitude modulation) at a low
symbol rate, maintaining data rates similar to conventional single-carrier modulation
schemes in the same bandwidth. In practice, OFDM signals are generated using the fast
Fourier transform algorithm.

OFDM has developed into a popular scheme for wideband digital communication
systems with a wide range of applications. The primary advantage of OFDM over
single-carrier schemes is its ability to cope with severe channel conditions—for example,
attenuation of high frequencies at a long copper wire, narrowband interference and
frequency-selective fading due to multipath— without complex equalization filters.'
Channel equalization is simplified because OFDM may be viewed as using many
slowly-modulated narrowband signals rather than one rapidly-modulated wideband signal.
Low symbol rate makes the use of a guard interval between symbols affordable, making it
possible to handle time-spreading and eliminate inter-symbol interference (ISI).

A major disadvantage of OFDM is the high peak-to-average-power ratio (PAPR),
requiring more expensive transmitter circuitry, and possibly lowering power efficiency. In
addition, it is sensitive to Doppler shift and frequency synchronization problems.

Orthogonality

In OFDM, the sub-carrier frequencies are chosen so that the sub-carriers are orthogonal
to each other, meaning that cross-talk between the sub-channels is eliminated and
inter-carrier guard bands are not required. This greatly simplifies the design of both the
transmitter and the receiver; unlike conventional FDM, a separate filter for each
sub-channel is not required.

The orthogonality also allows high spectral efficiency, near the Nyquist rate.” Almost
the whole available frequency band can be utilized. OFDM generally has a nearly “white”
spectrum, giving it benign electromagnetic interference properties with respect to other
co-channel users.’

The orthogonality allows for efficient modulator and demodulator implementation
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using the FFT algorithm. Although the principles and some of the benefits have been known
since the 1960s, OFDM is popular for wideband communications today by way of low-cost
digital signal processing components that can efficiently calculate the FFT.

OFDM requires very accurate frequency synchronization between the receiver and the
transmitter; with frequency deviation, the sub-carriers shall no longer be orthogonal,
causing inter-carrier interference (ICI), i.e. cross-talk between the sub-carriers. Frequency
offsets are typically caused by mismatched transmitter and receiver oscillators, or by
Doppler shift due to movement. Whilst Doppler shift alone may be compensated for by the
receiver, the situation is worsened when combined with multipath, as reflections will appear
at various frequency offsets, which is much harder to correct.” This effect typically worsens
as speed increases, and is an important factor limiting the use of OFDM in high-speed
vehicles. Several techniques for ICI suppression are suggested, but they may increase the
receiver complexity.

Guard interval for elimination of inter-symbol interference

One key principle of OFDM is that since low symbol rate modulation schemes (i.e.
where the symbols are relatively long compared to the channel time characteristics) suffer
less from intersymbol interference caused by multipath, it is advantageous to transmit a
number of low-rate streams in parallel instead of a single high-rate stream.” Since the
duration of each symbol is long, it is feasible to insert a guard interval between the OFDM
symbols, thus eliminating the intersymbol interference.

The guard interval also eliminates the need for a pulse-shaping filter, and it reduces the
sensitivity to time synchronization problems.

A simple example: If one sends a million symbols per second using conventional
single-carrier modulation over a wireless channel, then the duration of each symbol would
be one microsecond or less. This imposes severe constraints on synchronization and
necessitates the removal of multipath interference. If the same million symbols per second
are spread among one thousand sub-channels, the duration of each symbol can be longer by
a factor of thousand, i.e. one millisecond, for orthogonality with approximately the same
bandwidth. Assume that a guard interval of 1/8 of the symbol length is inserted between
each symbol. Intersymbol interference can be avoided if the multipath time-spreading (the
time between the reception of the first and the last echo) is shorter than the guard interval,
i.e. 125 microseconds. This corresponds to a maximum difference of 37.5 kilometers
between the lengths of the paths. The last 125 microseconds of each symbol are copied and
sent in advance of the symbol as a cyclic prefix.

The cyclic prefix, which is transmitted during the guard interval, consists of the end of
the OFDM symbol copied into the guard interval, and the guard interval is transmitted
followed by the OFDM symbol.6 Although the guard interval only contains redundant data,

which means that it reduces the capacity, some OFDM-based systems, such as some of the
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broadcasting systems, deliberately use a long guard interval in order to allow the
transmitters to be spaced farther apart in a single frequency network (SFN), and longer
guard intervals allow larger SFN cell-sizes. A rule of thumb for the maximum distance
between transmitters in an SFN is equal to the distance a signal travels during the guard
interval — for instance, a guard interval of 200 microseconds would allow transmitters to
be spaced 60 km apart.

Simplified equalization

The effects of frequency-selective channel conditions, for example fading caused by
multipath propagation, can be considered as constant (flat) over an OFDM sub-channel if
the sub-channel is sufficiently narrow-banded, i.e. if the number of sub-channels is
sufficiently large. This makes equalization far simpler at the receiver in OFDM in
comparison to conventional single-carrier modulation. The equalizer only has to multiply
each sub-carrier by a constant value, or a rarely changed value.

Our example: The OFDM equalization in the above numerical example would require
N = 1000 complex multiplications per OFDM symbol, i.e. one million multiplications per
second, at the receiver. The FFT algorithm requires NlogoN = 10000 complex-valued
multiplications per OFDM symbol, i.e. 10 million multiplications per second, at both the
receiver and transmitter side. This should be compared with the corresponding one million
symbols/second single-carrier modulation case mentioned in the example, where the
equalization of 125 microseconds time-spreading using a FIR filter would require 125
multiplications per symbol, i.e. 125 million multiplications per second.

Some of the sub-carriers in some of the OFDM symbols may carry pilot signals for
measurement of the channel conditions, i.e. the equalizer gain for each sub-carrier. Pilot
signals may also be used for synchronization.

If differential modulation such as DPSK or DQPSK is applied to each sub-carrier,
equalization can be completely omitted, since these schemes are insensitive to slowly
changing amplitude and phase distortion.

Channel coding and interleaving

OFDM is invariably used in conjunction with channel coding (forward error
correction), and almost always uses frequency and/or time interleaving.

Frequency (subcarrier) interleaving increases resistance to frequency-selective channel
conditions such as fading. For example, when a part of the channel bandwidth is faded,
frequency interleaving ensures that the bit errors that would result from those subcarriers in
the faded part of the bandwidth are spread out in the bit-stream rather than being
concentrated.” Similarly, time interleaving ensures that bits that are originally close together
in the bit-stream are transmitted far apart in time, thus mitigating against severe fading as
would happen when traveling at high speed.

However, time interleaving is of little benefit in slowly fading channels, such as for
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stationary reception, and frequency interleaving offers little to no benefit for narrowband
channels that suffer from flat-fading (where the whole channel bandwidth is faded at the
same time).

Interleaving is used in OFDM to spread the errors out in the bit-stream that is presented
to the error correction decoder, because when such decoders are presented with a high
concentration of errors the decoder is unable to correct all the bit errors, and a burst of
uncorrected errors occurs.

A common type of error correction coding used with OFDM-based systems is
convolutional coding, which 1is often concatenated with Reed-Solomon coding.
Convolutional coding is used as the inner code and Reed-Solomon coding is used for the
outer code — usually with additional interleaving (on top of the time and frequency
interleaving mentioned above) in between the two layers of coding. The reason why this
combination of error correction coding is used is that the Viterbi decoder used for
convolutional decoding produces short errors bursts when there is a high concentration of

errors, and Reed-Solomon codes are inherently well-suited to correcting bursts of errors.
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Notes on the Text

Part1

1.

Figure 5.3 shows how the time slots are provided to users in a round robin fashion,
with each user being allotted one time slot per frame.
Bl 5.3 S el LBl pa A & 10 7 ST Bl g T, RS P R 49
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. The input data to be transmitted is buffered over the previous frame and burst

transmitted at a higher rate during the time slot for the channel.
RF R R i N O AR AT — WU A 92 A7, (670 BC 4 12 A7 28 1 IR 5 o LU v i 2
R AR %

. The process gain of a system indicates the gain or signal to noise improvement

exhibited by a spread spectrum system by the nature of the spreading and
despreading process.
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. By doing this the signals from each user is orthogonal to every other user, resulting

in no interference between the signals.
XA B R AR H T B S S B AT RS S IR AT, PR L 2 TR
ATk

. If the Walsh code used by one user is shifted in time by more than about 1/10 of a

chip period with respect to all the other Walsh codes, it loses its orthogonal nature,

resulting in inter-user interference.
R — A AT Walsh B AE I [8]_EADG T HAl T A Walsh #4985 3) T i 2
Tty WA M, AR E TR, S EUH T T
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6. Due to the unavoidable timing errors between the users, there is little point in using
Walsh codes as they will no longer be orthogonal.
i1 2 IR0 AN T G P S B AR 22, Walsh A9 LF-3%HT, B EANTZ RN T IEAS .

7. The reverse link is not orthogonal, resulting in significant inter-user interference.
For this reason the reverse channel sets the capacity of the system.
Sl R AR IEARR K, BN MM E TR TR, S 5 8 B
T ARG R,

Part Il

1. The primary advantage of OFDM over single-carrier schemes is its ability to cope
with severe channel conditions—for example, attenuation of high frequencies at a
long copper wire, narrowband interference and frequency-selective fading due to
multipath—without complex equalization filters.
OFDM CIEAZHZy S HI) b5 B a3y 7 S bU iR 32 AR 08 AN 28 5 % 1) 34 46 O
I il BE LGS ™ E AR A TE IR R, e AR 2 b i U R AR TR L K
T Z ARG AR R R .

2. The orthogonality also allows high spectral efficiency, near the Nyquist rate.
IEAZPE AL OFDM [R5 3% 1) ] %2 21 #2315 T Nyquist % .

3. OFDM generally has a nearly “white” spectrum, giving it benign electromagnetic
interference properties with respect to other co-channel users.
OFDM {5 —BCRAT “Hi” Mk, {fAEL A A - (FE o b
HA R R PR TR 5T

4. Whilst Doppler shift alone may be compensated for by the receiver, the situation is
worsened when combined with multipath, as reflections will appear at various
frequency offsets, which is much harder to correct.
2 HAT 2 W IR I a] DU BRI AMEE . 2 I M 2 i R4 S AE
I, 1 OURL AR AT SR, DO S s H BAE AN [ B A i 7 L, 3K A O B R A
FIE

5. One key principle of OFDM is that since low symbol rate modulation schemes (i.e.
where the symbols are relatively long compared to the channel time characteristics)
suffer less from intersymbol interference caused by multipath, it is advantageous to
transmit a number of low-rate streams in parallel instead of a single high-rate
stream.
OFDM )™ B R 5 P AL R O AR AT 5 AR )y 58 (a2 5 45 T8 I 1) g
FAEE, 755 M S AR K AR 2 3 i 242 5 R K755 18] T 40 1) 50,
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6. The cyclic prefix, which is transmitted during the guard interval, consists of the end
of the OFDM symbol copied into the guard interval, and the guard interval is
transmitted followed by the OFDM symbol.
AE LR 11 [ % B £ 0 A T 8 ey 520 3 R 477 18] B 7P (9 OF DM 7755 14 JR8 151 4 1
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(17, PR B A& /E OFDM fF'5 Z Wi f& i .
7. For example, when a part of the channel bandwidth is faded, frequency interleaving
ensures that the bit errors that would result from those subcarriers in the faded part

of the bandwidth are spread out in the bit-stream rather than being concentrated.
(7 R <il 3 D1 ) O DB = L ) B S AV B RPN 0B =R S B U P (S =4
B AL I By IR 22 2 0 BAE BE A LR O L iy AN AR R oK

Technical Tips

GSM

Global System for Mobile communications is the most popular standard for mobile
phones in the world. The GSM Association estimates that 82% of the global mobile market
uses the standard. GSM is used by over 2 billion people across more than 212 countries and
territories. Its ubiquity makes international roaming very common between mobile phone
operators, enabling subscribers to use their phones in many parts of the world. GSM differs
from its predecessors in that both signaling and speech channels are digital call quality, and
so is considered a second generation (2G) mobile phone system. The key advantage of GSM
systems to consumers has been better voice quality and low-cost alternatives to making
calls, such as the Short message service. The advantage for network operators has been the
ease of deploying equipment from any vendors that implement the standard.

QAM

Quadrature amplitude modulation (QAM) is a modulation scheme which conveys data
by changing (modulating) the amplitude of two carrier waves. These two waves, usually
sinusoids, are out of phase with each other by 90° and are thus called quadrature carriers —
hence the name of the scheme.

Like all modulation schemes, QAM conveys data by changing some aspect of a carrier
signal, or the carrier wave, (usually a sinusoid) in response to a data signal. In the case of
QAM, the amplitude of two waves, 90 degrees out-of-phase with each other (in quadrature)
are changed to represent the data signal.

Phase modulation (analog PM) and phase-shift keying (digital PSK) can be regarded as
a special case of QAM, where the amplitude of the modulating signal is constant, with only
the phase varying. This can also be extended to frequency modulation (FM) and

frequency-shift keying (FSK), for these can be regarded a special case of phase modulation.

Supplementary Readings: Wavelength-Division
Multiplexing

In fiber-optic communications, wavelength-division multiplexing (WDM) is a

technology which multiplexes multiple optical carrier signals on a single optical fibre by
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using different wavelengths (colors) of laser light to carry different signals. This allows for
a multiplication in capacity, in addition to making it possible to perform bidirectional
communications over one strand of fiber. The true potential of optical fiber is fully
exploited when multiple beams of light at different frequencies are transmitted on the same
fiber. This is a form of frequency division multiplexing (FDM) but is commonly called
wavelength division multiplexing. The term wavelength-division multiplexing is commonly
applied to an optical carrier (which is typically described by its wavelength), whereas
frequency-division multiplexing typically applies to a radio carrier (which is more often
described by frequency). However, since wavelength and frequency are inversely
proportional, and since radio and light are both forms of electromagnetic radiation, the two
terms are equal.

WDM system

A WDM system uses a multiplexer at the transmitter to join the signals together, and a
demultiplexer at the receiver to split them apart. With the right type of fiber it is possible to
have a device that does both simultaneously, and can function as an optical add-drop
multiplexer. The optical filtering devices used in the modems are usually etalons, stable
solid-state single-frequency Fabry-Perot interferometers in the form of thin-film-coated
optical glass.

The concept was first published in 1970, and by 1978 WDM was realized in the
laboratory. The first WDM systems only combined two signals. Modern systems can handle
up to 160 signals and can thus expand a basic 10 Gbps fiber system to a theoretical total
capacity of over 1.6 Tbps over a single fiber pair.

WDM systems are popular with telecommunications companies because they allow
them to expand the capacity of the network without laying more fiber. By using WDM and
optical amplifiers, they can accommodate several generations of technology development in
their optical infrastructure without having to overhaul the backbone network. Capacity of a
given link can be expanded by simply upgrading the multiplexers and demultiplexers at
each end. This is often done by using optical-to-electrical-to-optical translation at the very
edge of the transport network, thus permitting interoperation with existing equipment with
optical interfaces.

Most WDM systems operate on single mode fiber optical cables, which have a core
diameter of 9 pum. Certain forms of WDM can also be used in multi-mode fiber cables (also
known as premises cables) which have core diameters of 50 or 62.5 pm.

Early WDM systems were expensive and complicated to run. However, recent
standardization and better understanding of the dynamics of WDM systems have made
WDM much cheaper to deploy.

Optical receivers, in contrast to laser sources, tend to be wideband devices. Therefore

the demultiplexer must provide the wavelength selectivity of the receiver in the WDM
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system.

WDM systems are divided in different wavelength patterns, conventional, dense and
coarse WDM. Conventional WDM systems provide up to 16 channels in the 3rd
transmission window (C-band) of silica fibers around 1550 nm with a channel spacing of
100 GHz. DWDM uses the same transmission window but with less channel spacing
enabling up to 31 channels with 50 GHz spacing, 62 channels with 25 GHz spacing
sometimes called ultra dense WDM. New amplification options (Raman amplification)
enable the extension of the usable wavelengths to the L-band, more or less doubling these
numbers.

CWDM in contrast to conventional WDM and DWDM uses increased channel spacing
to allow less sophisticated and thus cheaper transceiver designs. To again provide 16
channels on a single fiber CWDM uses the entire frequency band between second and third
transmission window (1310/1550 nm respectively) including both windows (minimum
dispersion window and minimum attenuation window) but also the critical area where OH
scattering may occur, recommending the use of OH-free silica fibers in case the
wavelengths between second and third transmission window shall also be used. Avoiding
this region, the channels 31, 49, 51, 53, 55, 57, 59, 61 remain and these are the most
commonly used.

WDM, DWDM and CWDM are based on the same concept of using multiple
wavelengths of light on a single fiber, but differ in the spacing of the wavelengths, number
of channels, and the ability to amplify the multiplexed signals in the optical space. EDFA
provide efficient wideband amplification for the C-band, Raman amplification adds a
mechanism for amplification in the L-band. For CWDM wideband optical amplification is
not available, limiting the optical spans to several tens of kilometers.

Coarse WDM

Originally, the term “Coarse Wavelength Division Multiplexing” was fairly generic,
and meant a number of different things. In general, these things shared the fact that the
choice of channel spacings and frequency stability was such that Erbium Doped Fibre
Amplifiers (EDFAs) could not be utilized. Prior to the relatively recent ITU standardization
of the term, one common meaning for Coarse WDM meant two (or possibly more) signals
multiplexed onto a single fiber, where one signal was in the 1550-nm band, and the other in
the 1310-nm band.

Recently the ITU has standardized a 20 nanometer channel spacing grid for use with
CWDM, using the wavelengths between 1310 nm and 1610 nm. Many CWDM wavelengths
below 1470 nm are considered “unusable” on older G.652 specification fibers, due to the
increased attenuation in the 1310~1470 nm bands. Newer fibers which conform to the
G.652.C and G.652.D standards, such as Corning SMF-28e and Samsung Widepass nearly
eliminate the “water peak” attenuation peak and allow for full operation of all twenty ITU
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CWDM channels in metropolitan networks.

The Ethernet LX-4 physical layer standard is an example of a CWDM system in which
four wavelengths near 1310 nm, each carrying a 3.125 gigabit-per-second (Gbps) data
stream, are used to carry 10 gigabit-per-second of aggregate data.

The main characteristic of the recent ITU CWDM standard is that the signals are not
spaced appropriately for amplification by EDFAs. This therefore limits the total CWDM
optical span to somewhere near 60 km for a 2.5 Gbps signal, which is suitable for use in
metropolitan applications. The relaxed optical frequency stabilization requirements allow
the associated costs of CWDM to approach those of non-WDM optical components.

CWDM is also being used in cable television networks, where different wavelengths
are used for the downstream and upstream signals. In these systems, the wavelengths used
are often widely separated, for example the downstream signal might be at 1310 nm while
the upstream signal is at 1550 nm.

Dense WDM

Dense Wavelength Division Multiplexing, or DWDM for short, refers originally to
optical signals multiplexed within the 1550 nm band so as to leverage the capabilities (and
cost) of erbium doped fibre amplifiers (EDFAs), which are effective for wavelengths
between approximately 1525~1565 nm (C band), or 1570~1610 nm (L band). EDFAs
were originally developed to replace SONET/SDH optical-electrical-optical (OEO)
regenerators, which they have made practically obsolete. EDFAs can amplify any optical
signal in their operating range, regardless of the modulated bit rate. In terms of
multi-wavelength signals, so long as the EDFA has enough pump energy available to it, it
can amplify as many optical signals as can be multiplexed into its amplification band
(though signal densities are limited by choice of modulation format). EDFAs therefore
allow a single-channel optical link to be upgraded in bit rate by replacing only equipment at
the ends of the link, while retaining the existing EDFA or series of EDFAs along a long
haul route. Furthermore, single-wavelength links using EDFAs can similarly be upgraded to
WDM links at reasonable cost. The EDFAs cost is thus leveraged across as many channels

as can be multiplexed into the 1550 nm band.

Exercises

I. Translate the following passage into Chinese.

OFDM consists of a large number of subcarriers equally spaced in a frequency band. Each
band may be digitally modulated by a same scheme such as PSK, QAM, etc., or by different
schemes. A serially transmitted sequence is divided into a number of sections, each having N
symbols, and the N symbols in each section are used to modulate N carriers for simultaneous

transmission. Therefore OFDM is essentially a parallel modulation system. When the number of
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subcarriers is sufficiently large, the system can resist multipath interference. This is because that,
in the time domain, a symbol duration longer than the multipath delay can be chosen, while in
the frequency domain, each symbol only occupies a small portion of the channel’s frequency
band. Thus, the effect of multipath fading spreads over many symbols, resulting in slight
distortion to many symbols rather than complete destroy of a few symbols. In this way, correct
demodulation is not affected so that the signal can be accurately recovered at the receiver.

In an OFDM system, the principle of choosing the subcarrier interval is to make the
subcarriers mutually orthogonal within the entire symbol period. Thus, even if spectral overlap
exists between the subcarriers, the symbols can still be recovered without loss. In order to
realize maximum spectral efficiency, the interval between subcarriers is usually chosen to equal
the reciprocal of the symbol duration 7. Therefore the subcarrier frequencies in the base band
are f,= n/T (n = 0, 1,---, N-1). Denoting the n-th modulating symbol as X(n), the OFDM
waveform within a symbol duration can be expressed as:

x(t)=NZ:1X(n)exp(j2n%tj, 0<t<T (1)
n=0

Sampling this waveform at ¢ = T/N yields
= ~ kT & . _nk
x(k) = ZX(n)exp( Jznﬁj = ZX(n)exp( JZTCWJ, k=12,..,N-1 )
n=0 n=0

It is observed from the above expression that x(k) and X(n) form a discrete Fourier
transform pair, therefore the baseband OFDM waveform can be generated from the discrete
Fourier transform of N modulating symbols. When N=2" where m is an integer, the fast
algorithm of IDFT is easy to implement.

II. Choose the word or phrase that is closest in meaning to the underlined part.

1. The process gain of a system indicates the gain or signal to noise improvement

exhibited by a spread spectrum system by the nature of the spreading and

despreading process.

A. by virtue of the spreading/dispreading process
B. by processing the spreading/despreading naturally
C. according to the spreading/despreading characteristics
D. using the natural spreading/dispreading process
2. Due to the unavoidable timing errors between the users, there is little point in using

Walsh codes as they will no longer be orthogonal.

A. using Walsh codes will have some point due to the absence of orthogonality
B. using Walsh codes is meaningless since orthogonality will not exist any more
C. Walsh code cannot be used since they are not orthogonal
D. it is unnecessary to use Walsh codes because orthogonality is lost
3. For example, when a part of the channel bandwidth is faded, frequency interleaving
ensures that the bit errors that would result from those subcarriers in the faded part

of the bandwidth are spread out in the bit-stream rather than being concentrated.
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A. that would be produced in those subcarriers suffering from frequency selective
fading
B. that would cause some subcarriers being faded in some part of the bandwidth
C. that would came from the fading subcarriers falling in part of the bandwidth
D. that would result in those faded subcarrier of the part of the bandwidth
4. Earlier we introduced the concept that the identity of an amplitude modulated

message signal may under certain circumstances be communicated by transmitting

regular samples of the message, rather than the continuous signal.

A. may transmit samples that are regular in communications under some conditions
B. may be in the circumstances that regular message samples are communicated
C. may be conveyed by sending signal values sampled at regular intervals under
certain conditions
D. may communicate with certain customers by sending regular samples of the message
5. Early we introduced the concept that the identity of an amplitude modulated

message signal may under certain circumstances be communicated by transmitting

regular samples of the message, rather than the continuous signal.
A. values of the message signal taken at regular intervals
B. formally obtained message samples
C. samples of the message produced in a specific manner
D. samples of the regularly obtained message
6. Having defined these functions, we will proceed to show how they can be used to

evaluate certain integrals characteristic of system error performance.

A. evaluate characteristics of certain integrals in system error performance
B. assess certain integrals that are typical in describing error performance of the systems
C. decide the value of some characteristic integrals of error performance of the systems
D. carry out evaluations on the integrated characteristics of system error performance

7. Modulation is the systematic variation of some attribute of a carrier waveform such
as the amplitude, phase, or frequency in accordance with a function of the message

signal.
A. in terms of a message carried by the signal

B. according to the behavior of the signal
C. due to the performance of the signal
D. in relation with a quantity derived from the signal
8. Over recent years this potential has largely been realized in the costs of the optical

fiber transmission medium that for bulk purchases is now becoming competitive
with copper wires.

A. that is specifically for purchases, and is becoming superior to copper wires
B. that is bulkily comparable in price with copper wires

C. that is competing with copper wires in terms of the scale of purchases

D. that is becoming a challenge to copper wires when bought in a large quantity



