Capacity of Wireless Channels

Introduction :

The interest in wireless communications has irsgdadramatically, as
seen by growth of cellular telephony, personal communicaystems,
and indoor applications. This increased interest has brongte focus
on the problems unique to the wireless environment. Ingudapacity
limits due to spectrum availability.

Capacity limits dictate the maximum data rates that loa transmitted
over wireless channels with small error probability. $loan defined
capacity as the mutual information maximized all ovépastsible input
distributions. The significance of this mathematical stnret was
Shannon’s code theorem and converse, which proved that alicoebast

that could achieve a data rate close to capacity withgreg probability

of error, and that any data rate higher than capacitig cani be achieved

without an error probability bounded away from zero.



1. Capacity in AWGN
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Consider a discrete-time additive white GaussiarsendAWGN)
channel with channel input/output relationship :
y[i] = X[i] + n[i], where X[i] is the channel input at time y[i] is the
corresponding channel output, amjd] is a white Gaussian noise random
process. Assume a channel bandwi@thand transmit powerP. The
channel SNR, the power kji] divided by the power im[i], is constant
and given by :

v = P/(NyB)

WhereNo is the power spectral density of the noise. The capactity

this channel is given by Shannon’s well-known formula :
C' = Blogy(1+ ),

Shannon’s capacity can be defined as the maximum mufoamation

of a channel. Its significance comes from Shannon’s gotfieorem and
converse, which show that capacity is the maximum -éreer data rate a
channel can suppoithe converse theorem shows that any code with rate
R > C has a probability of error bounded away from zero. The theorems

are proved using the concept of mutual information betwaeimput and



output of a channel. For a memory-less time-invariardnio@l with
random inputx and random outpuy, the channel’'snutual information

is defined as :
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Shannon proved that channel capacity equals the mufoamation of
the channel maximized over all possible input distributions

C=maxT{X:Y) |||r~.Z,| J,|]( n)
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Shannon capacity is generally used as an upper loouthe data rates
that can be achieved under real system constraintgheéittime that
Shannon developed his theory of information, data rates ¢ardasd
telephone lines were on the order of 100 bps. Thus, it wasvédlithat
Shannon capacity, which predicted speeds of roughly 30 Kbpstlower

same telephone lines, was not a very useful bound fosystdms.

However, breakthroughs in hardware, modulation, and coding
techniques have brought commercial modems of today very wote
speeds predicted by Shannon in the 1950s. In fact, modems a@edex
this 30 Kbps Shannon limit on some telephone channels, httigh
because transmission lines today are of better quality ith&hannon’s
day and thus have a higher received power than thatinsgdannon’s
initial calculation. Traditional modems have a limitation the data rate
(maximum of 33.6 kbps) as determined by the Shannon formula.
However, new modems, with a bit rate of 56 kbps are now imtr&et.
These modems may be used only if one party is using dgigaling
(such as Internet provider). They are asymmetricathat the down
loading is maximum 56kbps while the uploading is maximum of 33.6
kbps.



w10 =hannon Channel Capacity

n

=

Capacity in bits/sec

(N ]

1 10 20 30 40 a0 alll
SMR in dB

The figure shows the relation between SNR in dB and the channel
capacity in bits/sec at band width 3700 Hz which is typically for the band

width of a twisted-pair telephone line channel.

A very important issue in practical wireless netgoiis the presence
of multi-path fading . In a wireless network, due to theyspdal
environment, the electromagnetic waves travel to vecei along a
multitude of paths. Depending on the frequency bandwidth asethow
fast the environment changes, the fading can be dividedwo cases:

1. If the bandwidthwW of the signal is much smaller than the channel
coherence bandwidth, i.e., W<<Bcoh , then fading is roughly
equal across the entire signal bandwidth, then the ehasn
frequency non-selective érat fading. This means that the channel

only has a multiplicative effect on the signal.



2. If on the other hancV 2 Bﬁ'-’ﬂ-, the receiver will get several
resolvable signal components, the channel amplitude varcedy
across the signal bandwidth and such a channel isdcalle

frequency selective.
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Flgure 1. Fading dianme s s,

When viewed in the time-delay domain, a channedaisl to exhibit
frequency-selectiveading if Tm > Ts (the delay time is greater than the
symbol time). This condition occurs whenever the receivedtipath
components of a symbol extend beyond the symbol's time durétios,
causing channel-induced intersymbol interference (ISI).

Viewed in the time-delay domain, a channel is said
to exhibitfrequency-nonselectiva flat fadingif Tm< Ts In this case, all
of the received multipath components of a symbol arrive invithe

symbol time duration; hence, the components are not rese\:dbie,



there is no channel-induced ISI distortion, since theasigime spreading
does not result in significant overlap among neighboringeived
symbols. There is still performance degradation sinceutiresolvable
phasor components can add up destructively to yield a subbtanti

reduction in signal-to-noise ratio (SNR).

When viewed in the frequency domain, a channekferned to as
frequency-selective ifo < 1/Ts =W, where the symbol rate, 79 is
nominally taken to be equal to the signal bandwidth Flat fading
degradation occurs whenevifr > W. Here, all of the signal's spectral
components will be affected by the channel in a similanmer (e.g.,
fading or no fading). In order to avoid ISI distortion causedrdyguency-
selective fading, the channel must be made to exhigit fiding by

ensuring that the coherence bandwidth exceeds theisgrate.

When viewed in the time domain, a channel is reeto as fast fading
wheneverTo < Ts whereTo is the channel coherence time arglis the
symbol time. Fast fading describes a condition where the turation
for which the channel behaves in a correlated manngihast compared
to the time duration of a symbol. Therefore, it can be dgpethat the
fading character of the channel will change sevémad during the time
a symbol is propagating. This leads to distortion of the badepalse
shape, because the received signal's components are Inbiglaly
correlated throughout time. Hence, fast fading can c#lusebaseband
pulse to be distorted, resulting in a loss of SNR that ofields an
irreducible error rate. Such distorted pulses typically seau
synchronization problems, such as failure of phase-locked-lBap) (

receivers.



Viewed in the time domain, a channel is generadierred to as
introducingslow fadingif TO > Ts. Here, the time duration for which the
channel behaves in a correlated manner is long compartse ®ymbol
time. Thus, one can expect the channel state to remiainally

unchanged during the time a symbol is transmitted.
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Small-scale fading: mechanism, degradation categories, and effects

2. Capacity of Flat-Fading Channels

Depends on what is known about the channel.
* Four cases:

1) Nothing known;

2) Fading statistics known;

3) Fade value known at receiver;

4) Fade value known at transmitter and receiver.

Case 1 : Unknown Fading :
"= Dlogai 14 “min) bpS,
where y min is the minimum fade SNR . For many flat-fading

channel min = Q, leading to a Shannon capacity of zero.



Case 2 : Fading Statistics Known :
Difficult to compute: only known results are for Finiteat&t Markov

channels, Rayleigh fading channels, and block fading.

Case 3: Fading Known at the Receiver :
(' .|[|.:|\ Blog( 1+~ Tl Vil bpS
where ") is the distribution of the fading SNR .
* By Jensen’s inequality this capacity always less thahof an AWGN
channel.

* “Average” capacity formula, but transmission ratexedi.

Case 4 : Capacity with Fading Known at Transmitter and Receiver

For fixed transmit power, same capacity as when onlyivec&nows
fading.

Transmit power as well as rate can be adapted. Undebblar@e and

power
C= MAKgG . I S(y)p(Yy=S .J[;:l" B o (] | H_'q'_) Pl Vel .

whereS(y) is power adaptation.

2.1 Channel Distribution Information

We first consider the case where the channel djatnbutionp(g) or,
equivalently, the distribution of SNB(})) is known to the transmitter and
receiver. Fading correlation introduces channel memaorywhich case
the capacity-achieving input distribution is found by optingz over

input blocks, which makes finding the solution even morécdiff



The capacity-achieving input distribution and corredpan fading
channel capacity under CDI is known for two specific modéisterest :
Rayleigh fading channels and Finite State Markov CHaRSMCSs).

In Rayleigh fading the channel power gain is exponemtrel changes
independently with each channel use. FSMC approximaesfaiting
correlation as a Markov process. While the Markov naturheffading
dictates that the fading at a given time depends onlyadindg at the

previous time sample.

Capacity of the FSMC depends on the limiting distigloutof the
channel conditioned on all past inputs and outputs, which kmn
computed recursively. As with the Rayleigh fading clednnthe
complexity of the capacity analysis along with the firedult for this
relatively simple fading model is very high, indicatitige difficulty of
obtaining the capacity and related design insights inenméls when

only CDl is available.

2.2 Channel Side Information at Receiver

For the AWGN channel, Shannon capacity definesrils@mum data
rate that can be sent over the channel with asympitptisanall error
probability. Note that for Shannon capacity the rate tratesover the
channel is constant: the transmitter cannot adaptaismission strategy
relative to the CSI. Thus, poor channel states typigaluce Shannon
capacity since the transmission strategy must incompadfat effect of
these poor states. An alternate capacity definition dolin§ channels
with receiver CSl is capacity with outage. Capacitthvautage is defined

as the maximum rate that can be transmitted over anehavith some



outage probability corresponding to the probability that thesinggsion

cannot be decoded with negligible error probability.

O = / Bloga(1+ ~pi~ldy.
0

where "7} is the distribution of the fading SNR .

2.3 Channel Side Information at Transmitter and Receiver

When both the transmitter and receiver have C@®l,trlinsmitter can
adapt its transmission strategy relative to this CSisteown in Figure. In
this case there is no notion of capacity versus outagerewlhe
transmitter sends bits that cannot be decoded, sinceatisriitter knows
the channel and thus will not send bits unless they lmardecoded
correctly.
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Figure 4.3; System Model with Transmitter and Receiver CSI.
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where :
P()) is the power adaptation.
Pis the averagpower.

p()) is the probability distribution of the received SNR.



3. Capacity of Frequency Selective Fading Channels

In this section we consider the Shannon capacitsegtiEncy-selective
fading channels. We first consider the capacity of ae-imuariant
frequency-selective fading channel. This capacity ysimalis similar to
that of a flat fading channel with the time axis repl& by the frequency
axis. Next we discuss the capacity of time-varyingjdency-selective

fading channels.
3.1 Time-Invariant Channels

Consider a time-invariant channel with frequen@sponseH(f),
Assume a total transmit power constraihtWhen the channel is time-
invariant it is typically assumed thEi(f) is known at both the transmitter

and receiver.

nli]

xi] H(f) é y[i]

Time-Invariant Frequency-Selective Fading Channels

Let us first assume thad(f) is block-fading, so that frequency is
divided into sub channels of bandwid® whereH(f) = Hj is constant
over each block, The frequency-selective fading chafmsl tonsists of

a set of AWGN channels in parallel with SNR :
H,[2P, /(NyB)



wherePj is the power allocated to th#h channel in this parallel set. The
capacity of this parallel set of channels is the sunatefs associated with

each channel with power optimally allocated over all cakin

C= %  Blog (1 + 1_1:;5“33.) .

max P, el

Note that this is similar to the capacity and optip@ier allocation for
a flat-fading channel, with power and rate changing dsegruency in a

deterministic way rather than over time in a probaluligiay.
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3.2 Time-Varying Channels

The time-varying frequency-selective fading clene similar to the
model shown. except that(f) = H(f, i), i.e. the channel varies over both
frequency and time. It is difficult to determine the aafyaof time-
varying frequency-selective fading channels, evennithe instantaneous
channelH(f, i) is known perfectly at the transmitter and receiveg ti

the random effects of self-interference (ISI).

We can approximate channel capacity in time-varyirgguency-
selective fading by taking the channel bandwidtbf interest and divide
it up into sub channels the size of the channel coherbandwidthBc.

We then assume that each of the resulting sub cllam@idependent,



time-varying, and flat-fading witld(f, i) = Hj [i] on thejth sub channel.
Since the channels are independent, the total chamapelcity is just
equal to the sum of capacities on the individual narrowbkddading

channels subject to the total average power constramiaged over both

time and frequency:

= max P,
|TJET_TZ

where Cj(Pj) is the capacity of the flat-fading sub channel witlerage

powerP j.
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Channel Division in Frequency-Selective Fading

The Shannon capacity with perfect transmitter and veceél Sl is given
by optimizing power adaptation relative to both time (represkenrty
Vi [(]=Vi ) and frequency (represented by the sub channel jiidex

= 1max _Z [ B.logs (1 + P,-[_’j-_,-]'._.. ) ol
Toadyy =P y o \ T - -

Byl g o Polrge !

4. Mitigation to Combat Frequency-Selective Distort

Spread-spectrum techniques can be used to mitigate efregu
selective ISI distortion because the hallmark of any skspactrum
system is its capability to reject interference, andl iEKSa type of

interference. Consider a direct sequence spread-spe@@/8S) binary



phase shift keying (PSK) communication channel comprisimg direct
path and one reflected path. The use of DS/SS is a goodlowayigate
such distortion because the wideband SS signal would span lokses
of the selectively faded frequency response. Hence, & deal of pulse

energy would then be passed by the scatterer medium.

Frequency-hopping spread spectrum (FH/SS) can be usadigate
the distortion due to frequency-selective fading, provided hibyeping
rate is at least equal to the symbol rate. Compared to)dadigation
takes place through a different mechanism. FH receasogl multipath
losses by rapid changes in the transmitter frequency tlansl,avoiding
the interference by changing the receiver band posititordo¢he arrival

of the multipath signal.

To combat distortion To combat loss in SNR
Frequency-selactive distortion Hat-tading and slow-fading
+ Adaptive equalization + Some type of diversity
[2.g., decision feedback, to get additional uncorrelated
Viterbi equalizer) estimates of signal
#5pread spectrum — D5 o FH + Error-correction coding
* Crthogonal FOM (O FDR)
+ Pilot signal
Fast-tading distortion Diversity types
+ Robust modulation = Time {e.g., interleaving)
* Signal redundancy to * Frequency (e.g.. BW expansion, spread
increase signaling rate spectrum FH ar DS with rake recaiver)
+ Coding and interleaving * Spatial (e.q., spaced receive antannas)
* Polarization

Basic mitigation types
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