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I. GAUSSIAN CHANNEL CODING

We consider the following channel coding problem:
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Fig. 1. Communication system

For finite alphabet we saw that C' = max I(X;Y) . We now consider the Gaussian
X

channel as an example of a continuous alphabet, where Z; is a Gaussian white noise and
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Fig. 2. Gaussian channel where Y; = X; 4+ Z;, and X; is the input of the channel at time ¢, Y; is the output of the

channel at time 4, and Z; is a Gaussian noise, i.i.d. with variance o2.

is independent of the input X;. If there is no constraint on the input, one can transmit
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an unlimited amount of information in one usage of the channel by using a large input.
However, in reality we have a power constraint on the input, i.e., %E[Z:;l X2 < P.

Note that Let us define a code for the Gaussian channel:

Definition 1 (A code for the Gaussian channel with a power limit constraint)
An (2"%.n) code for the Gaussian channel with power constraint P consists of the
following:

1) An index set {1,2,..., 2"}

2) An encoder function

fa{L2,..,2") s A, (1)

that satisfies the power constraint for each message, i.e.,

1 n
— § 3 (m) < P, Ym € {1,2,.., 2"} (2)
n

i=1

3) A decoding function
g: V" {1,2,..., 2"} 3)

Definition 2 (Achievable rate) The rate R is said to be achievable for a Gaussian
channel with a power constraint P, if there exists a sequence of (2" n) codes with
codewords satisfying the power constraint such that the maximal probability of error,

P,,.., tends to zero.

Definition 3 (Capacity of a channel) The capacity of the channel, denoted as C, is the

supremum of all achievable rates.

We will show that for continuous alphabet with power constraint P,

C=c! 4)
where
C'= max I(X;Y). (5)
fxE[X<P

Theorem 1 (Capacity of continues alphabet channel with power constraint) If

Py x is a continuous alphabet channel with power constraint P, then C' = ct.
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The proof follows the similar steps as the case of finite alphabet. The converse uses
Fano’s inequality, and the achievability uses a random codes argument, joint typicality

decoder, and the following lemma

Lemma 1 (Upper bound on the probability of two independent sequences to be jointly typical )
Consider a joint pdf fxy. Let X™ be in the typical set, i.e., X" € A.(X), where

1 n
A?: {Xn —ElOgQEfx(.’L’Z)—h(fL’) SG} (6)

Let Y™ be drawn i.i.d. according to the pdf fy. Then
Pr{(X" Y") € AM(X,Y)} < 2 nUXY)+e) (7

II. PROOF FOR THEOREM 1

Proof: Achivability: In the achievability proof, we show that if R < C?, then R
is an achievable rate. Let R < C!, we will see that there exists a sequence of (2"% n)
codes, such that maximal probability of error P,,,, tends to zero . Meaning that R is an
achievable rate.

Encoder: Let fx be a pdf that satisfies the power constraint F(X?) < P. We generate
the codebook with each element chosen i.i.d ~ fx. Thus, X;(m),i = 1,2,....,n,m =
1,2,...,2"%  Forming codewords X"(1), X"(2),..., X"(2"F).

Decoder: The decoder looks at the list of the codewords and searches for one that
is jointly typical with the received vector Y. If there is only one such codeword the
decoder declares it to be the transmitted codeword. Otherwise the decoder declares an
error. The decoder also declares an error if chosen codeword does not satisfy the power
constraint.

Probability of error: without loss of generality, assume that codeword m = 1 was
sent. Thus, Y = X"(1) + Z,,. The decoder declares an error if one of the following
events occur:

1) The power constraint is violated

Ey = {%ZXf(l) >P} (8)
=1
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2) The received codeword ,Y", and the transmitted codeword ,X"(1), are not jointly

typical.
B ={(X"(1),Y") ¢ A"} ©)
3) There exits X"(7),i # 1, such that (X" (i), Y™) are jointly typical
E;={(X"(),Y") € A™} i=23, . 2"F (10)

We can see that:

1) By the law of large numbers we know that = >~ | X?(1) — P, therefore P(E,) —
0 as n — oo.

2) By the joint AEP Theorem of the last lecture we know that P((X™(1),Y") €
AM™Y 1 as n — oo therefore P(ES) — 0.

3) For i # 1, X™(i) and Y" are independent, therefore again by Lemma 1
P((X”(Z),Yn) c Agn)> < 2—n(I(X;Y)_35)'

Then
P™ = P(M+#M|M=1) (11)
= P(E,UE{UY, E)) (12)
( ) 2nR
< P(Ey)+ P(E5)+)_ P(E) (13)
=2
2nR
S €+ et Z 277L([(X;Y)736) (14)
=2
(b) 3 —n(I(X;Y)—R
< 2e 4 23 I(XY)-R) < 3¢ (15)
Where:

(a) Only one error can occur at the same time.
(b) For n sufficiently large R < I(X;Y) — 3e.
Thus, Pe(") tends to zero. As in the discrete case, deleting the worst half of the codewords
(those with most probable error) results in arbitrarily low maximal error probability, P,,,..

In particular the power constraint is satisfied by each of the remaining codewords since
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these codewords have probability of error 1, and must belong to the worst half of the

codewords. Hence R is an achievable rate therefore C! < (.

Converse: Now we will show that if R is an achievable rate then R < C’. In
the discrete case which holds also for the continuous one, we obtained , nR <
Son L I(X;Y:) 4 ne,. Where ¢, = = + RP™.

Let P, be the average power of the ith coordinate of the codebook, i.e. P, =

gnR

2%1% > _ 1 XZ(m). Since each of the codeword satisfies the power constraint so does

their average, and hence

1 RS )
EZ:P" = n;/xfxi(x)x dx (16)

1 n
_ /_ S f(@)atde < P (17)
+/
fx
Therefore fx is a pdf which satisfies the power constraint. Lets define the notation

I(fx; fyix) = I1(X;Y). Thus,

(@) 1 &
R < E;I(Xi;mﬂn (18)
1 n
= > T(fxifrx) + (19)
=1
(b) 1 —
< I fxifvx) e (20)
=1
= I(fx: fyix) T e Q1)

where:

(a) Using Fano’s inequality, similarly, to the discrete case.

(b) Using Jensen inequality and the fact that Z(fx; fy|x) is concave in fx.

Since, €, — 0, therefore, R < Z( fX; Iy x). Since C' is the supremum of all achievable

rates, we get C' < C!. And that completes the proof. [ |
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III. PARALLEL GAUSSIAN CHANNELS AND CONVEX OPTIMIZATION
A. Parallel Gaussian channels

We saw in the last lecture that for a Gaussian channel with power constraint,E[X?] < P

and Z ~ N (0,N) we get that
1 P
C = I1(X;Y)==log(l+ —). 22
ey (XGY) =S log(l+ ) (22)

In this section we consider £ independent Gaussian channels in parallel with common

power constraint. where 21, Z,, ..., Z; Gaussian white noise and are independent. This is

£ 1
X, F .
Z

Fig. 3. Parallel Gaussian channels.

a very usefull model where each sub-channel might model a different frequency, different
state on a different time slot, or different link that is available.

Our goal is to maximize the capacity of the channel subject to the power constraint.
Since the channel is memoryless with the input X;, X5, ... X} and the output Y7, Y5, ...Y},

the capacity of the channel is

C: max [(X17X27"'7Xk;)/17)/27'“7yk) (23)

F(@1,m2,0mp) B[00, 22]<P



Furthermore, since 71, Zs, ..., Z}, are independent, we get that:

[(XhXQ, ...,Xk;Yl,YQ, 7Yk)

—
S
=

= I=
& =

IN

k

i=1

Where:

WY1, Y, ...
h(Y:,Ys, ..

h(Yi,Ya, ...

h(Yi,Ya, ...

1 P;
< ) 5 log(1+ 7).
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Vi) — h(Y3, Yo, oo, Yil X0, Xo, oo X3)

aYk) - h(Zh ZQ) sy Zk|X17X2a 7Xk)

7Yk> - h<Zl7 227 ceey Zk)

k

>_hY) =3 h(Z)

i=1

N;

(a) follows from the definition of the additive channel

(b) follows form the fact that noise Z is independent of the inputs X;.

(c) follows from the fact that Z; is independent of Z; for any ¢ # j.

(d) follows from the upper bound on differential entropy for a given variance F;.

Thus C' < Y-, 3 log(1 + %) and equality is achieved' if

Py

0
(Xl,XQ,...7Xk) NN O,

0

0 --- 0
P oo 0
0 - P

(24)

(25)

In other words, to maximize C' the input (X;, Xs, ..., X;) should be independent, and

for each 1 < i < k X; ~ N(0, P;). Now our problem is reduced to finding the power

distribution between the channels, i.e., P, P, ..., P;. This optimization problem can be

written as follows:
k

T
i=1

st. —Pi(x) <0,

'Please verify as an exercise that indeed all inequalities in (24) become equalities under this input definition.

1 P;
min ~ — Z 5 log(1+ —)

N;

1< <m
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k
Y =P 1<j<l (26)
i=1

We will now use a special tool of convex optimization problems called the Karush

Kuhn Tucker conditions (KKT) to solve it.

B. Convex Optimization

In this subsection we use a convex optimization tool called KKT condition to solve a
specific optimization problem. We first give some background on this tool.

Consider the problem of minimizing fo(x) subject to the constraints that f;(x) < 0,1 <
i <'m (m inequality constraints) and h;(x) = 0,1 < j <[ (I equality constraints).

In a formal mathematical notation, the problem may be written as

min  fo(z)

st.  fi(z) <0, 1<i<m

hi(z) =0, 1<j<I 27)

We now introduce the formal definition of a convex optimization problem.

Definition 4 (Convex optimization problem) If fy(x), fi(z),1 < i < m are convex
functions and h;(z) =0, 1< j <[ are affine functions, i.e., h;(z) = Ajx + b, then the

problem is called a convex optimization problem.

We now introduce a dual problem and give sufficient and necessary conditions for a

solution to be optimal for a convex optimization problem.

Definition 5 (Dual Function) The Dual Function, L(X,\,v) : R" x R™ x ! — R

m l
LIX, \v) = folz) + D Nifilz) + Y vihi(z). (28)
=1 i=1

Where
A;- Lagrange multiplier (for the inequalities)

v;- Lagrange multiplier (for the equalities).
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The necessary conditions for a vector z to be a local minimum are the KKT conditions

which is given below.

Definition 6 ( KKT conditions) There exist constants A\;,1 < ¢ <m and v;,1 < j <

such that

1) VoL(Z\v) =0

2) fi(2) <0, 1<i<m
3) hi(7) =0, 1<j <l
4) Nifi(%) =0, 1<i<m
5) A 20,

where V, L(Z, \, v) is the derivative with respect to = and if x is vector that its the partial
derivative with respect to each element in x.

In general KKT condition are necessary condition for having a local minimum. For
a convex optimization problem they are necessary and sufficient for having a global

minimum.

Theorem 2 (Sufficient and necessary condition for a convex optimization problem)
In the special case (which is also our case) where fy(z) and f;(x) are convex functions
and h;(z) are affine functions i.e. hj(x) = A;x + b, namely, the optimization problem
is a convex optimization problem, the KKT conditions are sufficient and the vector 7 is

the global minimum.

C. Waterfilling

Now get back our optimization problem. We would like to find the global minimum
of the function

P,

N (29)

Jo(Pr, ., Pr) = — Z % log(1 +

i

Such that

fi(P, ..., By) = =P, <0. (30)



And

h(P, ... ZP P=0

writing the functional

L(Pl,...,Pk):—Z log( 1+ Z/\P—H/ZP P).

Differentiating with respect to P; yields

0 N, 1
LI— : __)\z -
op, NP T

Thus

P+ N;=

l/—)\z‘.

If P, > 0 then by 5th KKT condition we get that \; = 0 and thus P, = % —
by the 2nd KKT condition, P; > 0 ,therefore P, = [1 — N;]* = max(0,  —

Note that if P; = 0 then \; # 0.

The solution is illustrated graphically in following figure:

Power

1
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Ny

N,

Channel 1 Channel 2 Channel 3

Fig. 4. Water-filling for parallel.

€19

(32)

(33)

(34)

N;. However

The vertical levels indicate the noise levels in the various channels. As signal power

is increased from zero, we distribute the power to the channels with the lowest noise.

When the available power is increased still further, some of the power is put into noisier

channels. The process by which the power is distributed among the various bins is



identical to the way in which water distributes itself in a vessel. Hence this process

is referred to as 'water filling’.



