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Abstract

A challenging problem related to the design of polar codes is “robustness against channel parameter
variations”, as stated in Arikan’s original work. In this paper, we describe how the problem of robust
polar code design can be viewed as a mismatch decoding problem. We study channel conditions under

which a polar encoder/decoder designed for a mismatched B-DMC can be used to communicate reliably.

I. INTRODUCTION

In 2007, Arikan [1] proposed polar codes as an appealing error correction method based on a
phenomenon called channel polarization. This class of codes are proved to achieve the symmetric
capacity of any binary discrete memoryless channel (B-DMC) using low complexity encoders
and decoders, and their block error probability is shown to decrease exponentially in the square
root of the blocklength [2].

Two basic channel transformations lie at the heart of channel polarization. The two successive
channels characterized by these transformations W~ : X — Y? and W+ : X — J? x X can be
defined by the following transition probabilities
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For a blocklength N = 2, these channels would be indexed as WQ(I) and WQ(Z). In general
N = 2", and the channels W](Vi) are synthesized by the recursive applications of these plus/minus
transformations until sufficiently polarized, i.e. they are perfect or completely noisy channels.

The polarization idea is used to propose polar codes, and the recursive process leads to efficient
encoding and decoding structures. On the encoder side, uncoded data bits are sent only through
those perfect channels. For the rest, bits are fixed beforehand and revealed to the decoder as
well. On the decoder side, the synthesized channels lend themselves to a particular decoding
procedure referred to as successive cancellation decoder (SCD). At the i-th stage, on those good
channels, the SCD estimates the channel input u; with law W](Vi)(y{V u'™' | w;) according to
maximum likelihood decision rule for the i-th channel using the previous estimates 4. ', and
supplies the new estimate u; to the next stages. The analysis carried in [1] shows that this SCD
performs with vanishing error probability.

A particular aspect of polar codes is that they are channel specific designs. The polarization
process is adjusted to the particular channel at hand, whence the index set of the synthesized
good channels. This set, referred as the information set A, is required both by the encoder and
decoder. The situation in which this knowledge is partially missing have been already addressed.
Let W and V' be two given B-DMCs. The following two cases are known to lead to an ordering
Ay C Ayy: If V is a binary erasure channel (BEC) with larger Bhattacharyya parameter than the
channel W, or V' is a stochastically degraded version of W [1]. These results help the designer
to use safely the information set designed for the channel V' for communication over V.

On the other hand, a critical point is the assumption of the availability of the channel
knowledge at the decoder. Indeed, the described SCD not only requires the information set
but also the exact channel knowledge to function. Therefore, if the true channel is unknown,
the code design, including the decoding rule, should be based on a mismatched channel [3]. In
this work, we assume the same SCD rule is kept, but instead of the true channel law a different
one is employed in the decision procedure. As usual, we want to communicate reliably over the
unknown communication channel using the polar code designed for the mismatched channel.

The article follows with the problem statement in the next section, where we derive expressions
to analyze the error performance of polar codes designed for mismatched channels. In the

subsequent section, the main results are explored. The final section is the conclusions.



II. PROBLEM STATEMENT

We want to assess the performance of polar codes over an unknown channel for mismatched
designs. For that purpose, we revisit suitable expressions derived for the average probability
of error under SCD with respect to a mismatched channel in [4]. These derivations follow the
matched counterparts in [1] with a slight modification in the decision rule.

The SCD described in the introduction is closely tied to a channel splitting operation. After

channel combining, the splitting synthesizes the channels whose transition probabilities are given

by:
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We define the likelihood ratio (LR) of a given B-DMC W as Ly (y) = % Decision
Yy
functions similar to ML decoding rule can then be defined by

| 0, if Ly, (yY,a7") <1
Ay i) = 4 1, i Lo (o, a7 > 1
=1

% if Lo (v, a7
where * is chosen from the set {0,1} by a fair coin flip.
The polar SCD will decode the received output in N stages using a chain of estimators from
1=1,..., N, each depending on the previous ones. The estimators are defined as
. Uy, it e AS
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Let Pe(W,V, Ay ) denote the best achievable block error probability over the ensemble of all

possible choices of the set A% when |Ax| = [IVR| under mismatched successive cancellation



decoding with respect to the channel V' when the true channel is W. Then, one can show that

Pe(W,V, Ay) =Py | | {Uffl =ui ' N0 # Uz}
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where we have defined Pegf,)(W, V) as

Z- 1
Pe(W,V) & Z Q—NWN(?J{V’Uiv)l{

with 1{.} denoting the indicator function as usual.
For symmetric channels, the next proposition can be proved similarly to Corollary 1 in [1].

Proposition 1: Let W and V' be symmetric B-DMCs. Then,

+ = ZW MO Ly (5, 01) = 1},

For shorthand notation we will use L, (y{v ) =L (y{V , ()21_1). However, one should keep
N

v
in mind that this is the LR given that the all zero sequence have been sent through the channel.

We define the function

H (Lo (1)) 2 1Ly (1) > 1+ 51{Ly0 () = 11,
so that

PO = SR (1) =5 [ (01



We also define the “complement” function of H as

H (Lyo (1)) 2 HLyo (1) <11+ 1{LV(> (y¥) = 1.

We will often use Py, [.] = Ew (yxj0)[1{-}] notation. Whenever we state a result concerning
the parameters Pe%), it should be understood that N = 2", n =1,2,..., and for a fixed N the
possible values for the indices are z =1, ..., N. To be concise, we will avoid repeating these.

The next two propositions explore the recursive structure of the LR computations after applying
the polar transformations.

Proposition 2: [1] The LRs satisfy the recursion
va(yfv )+ Lvlgi)(y]QV]YH)
L+ Lyo (90 Lyo (43)

LV(Q'L 1) (le)

LV2<§,” (™) = ijgw (y1' )ij(vw (yNA—fi—l)'
Hence, the computed LRs can be seen as a symmetric functions f(L,, (yl ), L, (y3fs1)) of
N
the arguments.

Proposition 3: The quantities Pe ~ (W, V) can be recursively computed as

Peg% 1) Z W(y N|02N LVJS;')(% ) + Lvlsri)(yNJrl)
T+ Lo ) Ly (%)

PR V) ZW W I0FVHE (Lo (") Ly 631

Proof of Proposition 3: The expression directly follows from Proposition 1, and the
recursive structure stated in Proposition 2. [ ]
Upper Bounds to Pe (W V): Now, we define two channel parameters that can be used to

upper bound Pe N (W, V') for symmetric channels. The first one is simply
PQW,V) < P, [Lyo (1) 2 1]

The second parameter, analogous to the Bhattacharyya parameter defined for the matched sce-
nario and referred to as the mismatched version of this quantity, can be defined for symmetric

channels as
=> W(yl0)vLy(y).

One can easily show Pe%)(W, V) < Z](\?(W, V)& Z (Wzi,i), V]Si)) by extending the definition to

the ¢-th synthesized channels.



Mismatch Performance Analysis over BSCs using an Approximation on the Decoder Side:
Consider the case where W and V' are BSCs with crossover probabilities €y, €, < 0.5. Theorem
1 in [4] shows that replacing the minus polar transformation with the min approximation as

initially proposed in [5] for efficient hardware implementations of polar codes, i.e,

log(Lyain (53) = —sign((y * () min{| ], |6o]} @

where 1 = log(L,,o) (1)), €2 = log(L,,o) (yRN.1)), results in the LRs of the synthesized channels
N N

W](Vi) and V](Vi) to be ordered for each ¢ =1 as

1< Lyo (1) < Lyo (o) -
or EWz(v“ (y) < f/vm (') <1,

where the symbol ~ indicates computations use the approximation. Indeed, the LRs of the worst
BSC will be closer to 1. So, the decoder estimate for a given output realization will be identical
whether the computations are performed with respect to the LRs of the channel 1V, or the channel
V, as long as ey, ey < 0.5. In this case: ﬁe%)(l/[/, V)= .F;eg\i,)(W), forany ¢ =1,..., N, whence
the information sets of the matched and mismatched designs are identical.

Even though we do not expect in the more general cases the ordering of the LRs to hold,
averaging might once again be the ‘savior’ of the code performance so that we have at least the
hope to show “Peg\i,)(W, V) < Pe%)(V)” or “Peg\i,)(I/V, V) < Z(V]\(,i))” type of relations. Provided
any such orderings hold for all i € Ay, one can guarantee reliability in the mismatch scenario:

the mismatch polar code designed for the channel V' could be used to communicate reliably over

the channel W, achieving rates up to the symmetric capacity of the mismatched channel V.

III. RESULTS

One way to guarantee reliability in the mismatch scenario would be to ensure the sign of
the difference Peg\i,)(I/V, V) — Peg\i,)(V) is preserved throughout the recursive application of the
polarization transformations. In this section, we first push the analysis as far as possible with
no particular assumptions on the channels. Then, we impose conditions that would ensure the
design goal is met.

To investigate the sign of the difference Pe%)(W, V) — Pe%)(V), we introduce a set of

propositions.



In the next proposition and subsequent corollary we derive equivalent expressions to compute
the difference Pe%)(W, V) — Pes\i,)(V) using the symmetry in the recursive computations of the
LRs.

Proposition 4: For symmetric B-DMCs W and V/, we have

Pefy(W,V) = Pesy (V) =3 [W(¥|0) = V(ul'1of)] x

yy

> WERLIY) + VERL 0] H (Lo @) |- @)

2N
YN+

Proof of Proposition 4: We develop the RHS of Equation (3)

> W @N0tY) = VY0P HiLy (53Y) = 1}

y2N

2 Wl POV (A 0V H{f (Lo (1), Lyyo (ya4) = 1}
—ZW (N |00V (" 00 B (Lo (uR%), Ly (') > 1}

:Pe;‘m V) = Pes(V),

where we used the symmetry of the function f described in Proposition 2. [ ]

Corollary 1: For symmetric B-DMCs W and V' we have

Pel (W.V) = PE(V) = 3 W (5100) = V(52]0)] (W (4210) + V(32]0)]
7
TT W (yai-15400) . W (3
i=2
Now, we look for properties which are preserved under the one step transformations. These

0) + V(Y2-141]0) . .. V(y2:]0)) H{LV;;V) (i) > 1}

are surveyed in the following two propositions.

Proposition 5: For a symmetric B-DMC channel V' such that the condition
Py, [Lyo (o) <1] > Py [L0 () > 1]

holds for a given ¢, the basic polarization transformations preserve the inequality, i.e. for j =

21 — 1,24, we have

Pry | Ly (02Y) < 1) 2 Pyg [ Ly (42) > 1]



Proof of Proposition 5: For simplicity we omit the subscripts in L., (y{v ) 2 L(yY) and
N

Py,. Note that by symmetry in the construction of polar codes P [L(y1Y) < 1] =P [L(y3},) < 1].

Liy) + Lyi) N oy N N
g {1 + LML) 1] —P[L(yN) < 1P [L2,) < 1] +P[LyN) > 1] P[L2N,) > 1]

—P[L(yY) < 1]* + P [LyY) > 1]°,

and

L{y") + L(yx) N oy N N
. {1 + L(y{V)L(yfﬁl) - 1} =P [L(y) < 1] P [L(y3%,) > 1] + P [L(yy) > 1] P [L(y,) < 1]

=2P (L(yy') < 1) P [L(y;') > 1].
By noting that the difference of these equals
(P[LyY) < 1] =P [LyY) > 1])* >0,

the claim for the minus transformation is proved.

For the plus transformation, we use a property [7] following by the symmetry of the channels

P[L(y)=(] = %p {L(y{v) _ H |

We define the following notations

PLGA) 2 1) 2 B [LG)) > 1] + 5P [L6]) = 1

P LG < 1) + 5P (L) = 1]

lI>

P[L(y) < 1]



P [L(y ) L(yx%,) < 1]

= Z Z P [LQ/{V) = 51} P [L yN+1 + Z Z 1} P [L(y?\,]il) = 52}
1<1l2<1 /1<1 1>£2<1/Zl
1
+> D P O] P L) = 6] = P [L0) = 1]
06>10,<1/0,

P [L(y)) < 1]° - ;P L) = 1)’

=3 S aP[LY) = 6] P LY, = 6]

01>11<Ula<ty

=3 S P [LY) = 6] P LAY, = 6]

01214224
=P [1(y) < 1]* - 3P (L) = 1]’
+3 0> 6P L) = 6] P [LyAN,) = L] +P > = 0]
£1>1 1<la<ty l1>1
+D > BPLY) = 6] P[Lya) = 6] + P[LyY) = 1] Y 6P [L(y)) = 6] + P [L(
01>1422>4 l>1
=P [L(yy') < 1}2 + iIP’ (L) =1+ P[L(yY) = 1] P [L(y)) < 1]
+ YN P [LY) = 6] P [L(yRN,) = f] max{t;, (>} 4)
01>103>1
+P[L 113 6P[L ]+4IP>[L( Ny =1]*
lo>1
=P L) <17+ Y S P L) = ] P [L(y3N,) = 6] max{(y, &2} (5)

where we abuse the notation to define

DY PLY) = 6] P L) = fo] max{ty, 62}

0121 42>1
=Y D P[LuY) = 6] P[LRY) = 6] max{ty, b}
01>1402>1
1
+P[L 1] D 6P L) = 6] + P [Le") =1]°.

lo>1



In the same spirit, we define

SO PLwY) = 6] P [L(AY,) = L] min{y, &}

01>10,>1

- Z Z P [L(y{\[) = 61} P [L<y]2\f]\4f-1> = 52} min{€1>€2}
01>142>1
FP[LOY) = 1P (LG > 1] + 1P (L6 =117,

and we note that

Z Z P [L(yy) = 6] P [L(y3) = o] (max{fy, &} + min{¢;, (5})

0121 402>1
- Z Z P [L(yiv) = El] P [L(yJZV]YH) = fz] (4 + 05)
0121 402>1
=23 P[L(Y) = 6] 6 Y P[LERY.) = 6]
21 £9>1

1=P[L(y")Llyat) 1] + P [Ly") L) 2 1]
= (P[LY) £ 1] +P[LEY) 2 1])°
—PLY) <1+ P[LEY) 2 1] + 2P [LyY) < 1P [L(yY) > 1]
must hold, we get
P [L(y1)L(yxs1) 2 1]

=P [LyY) 2 1]+ DS PLEY) = 0] P[LEAY,) = ] min{6, £}

0121 402>1

Therefore, we (5) and (7) proves that
P [L(yy ) L(yaty) < 1] > P [L(y ) L(ya) > 1]

holds as claimed.

Proposition 6: Let W and V' be symmetric B-DMCs such that

o 1 (1 ()] = 5 1 (1 )]

(6)

(7

®)



and

Py [Lvy(yfv) < 1] > Py [LV]@ (y1') > 1} )
hold. Then,

Py [LVJ(V@(y{V ) < 1] > Py [vavi) V) > 1} .

Proof of Proposition 6: We have

P [LGY) > 1] + 5Pw (L) = 1] — Py [L6) > 1] — 3Py [26) = 1]
=Py [L(y) <1] + %Pv [L(y") = 1] = Pw [L(y') <1] = 5Pv [L(y') = 1] <0,

where the negativity follows by the assumption in (8). Therefore, adding both sides gives
Py [L(y)) > 1] =Py [L(y)) > 1] + Py [L(y) < 1] = Pw [L(y) < 1] <0.
Hence,
Py [L(yY) <1] = Pw [L(yY) > 1] > Py [L(yY) < 1] =Py [L(yY) > 1] >0,

where the non-negativity follows by the assumption in (9). [ |
The final proposition of this section plays a key role in the subsequent theorem.
Proposition 7: The quantities Peg?v(VV, V) — Peg])\,(V) can be recursively computed for Vi as

Pely VW V) = Peliy (V) = 3 W 10)) = VN 0))] H (L0 (1)) Ky, (10)

yp

where
Ky = > WL VRN = Y W eRloy) + VRN 0] |
yIZVIYH: y?\f]YHZ
ijg)(y?v]il)d LV](V’L')(yZQVJYH)>1
(11)
and

Pel) (W, V) = Peld (V) = > [W(yl oY) — V(M o)] [W (@3N 10Y) + V (53N, oY) x

2N
Y1

H (LV;;» (yfv,olfl)Lv(z (yX%, 01 1))- (12)



Proposition 7: For simplicity we omit the subscripts in L) (y{v ) £ L(yY). First observe
N

that
(1 . N
or L(yJQV]\—[H) =1
1, if L(yY) <1 and L(y3%,) > 1,

- < L(y?') + L(yx%0) ) _
1+ Ly ) Ly ) or L(yY)>1 and L(y3,) <1
0, if L(yy)<1 and L(y3,) <1,

or L(yY)>1 and L(y3Y,) >1

\
We use the expression derived in Proposition (4) to get

PeSy (W, V) — Pl Y (V)

= > [weNe) - vroh)] x 1

yiV:
L(yM)=1
+ ) WY = vEroy)] x o Y [WERNI0Y) + VR, o))
yy: y%if
L(yM)>1 Ly <1
+ > oY) = v oN] x> [WEANI0Y) + V(5N [0)]
yy: y%if
L(y{)<1 Ly )>1
= > WEoY) - voy)] x 1
yi:
Ly])=1
+ Z (W (y'10Y) = V(7' 0Y)] x Z (W (a5 100) + V(yata o)) H (L(yak))
yy: y%il
L(ylV)>1
+ ) WEYY) = VoY) x D WERN10Y) + V(RN 100)] H (L5RY,)) -
yy: y%i1
L(yM)<1

By substituting H (L(y}')) =1 —H (L(y}")) and regrouping the terms, we obtain
PeSy (W, V) — Pes (V)
= Z o [0Y) = V(ui'[01)] 2H (L (yy") +Z w'[0Y) = V(i [01)] [t - 2H (L(y1))] *

> [W(y?vHION) + V(R0 H (L(yaty))

2N
YN+1



where we used the fact that 1 — 2H (L(y{")) = 1{L(y1") < 1} — 1{L(y{") > 1}. Now, note that

the term in the second summation with the 1 sums to 0. Hence, we get

PeS VW, V) — Pl Y (v)

= Z y100) = Vg oN)] H (L)) (2= > [WEaN10Y) + V(5N [01)] 2H (L(y3Yy))
= Z (W (102 = Vg o] H (L) Y W ataloy) + Vyaalol)] [1—2H (LyaYy)] -

We recover Equation (10) upon noticing K defined in (11) equals

Ky = Z [W( N+1‘ON) + V(?JN+1|0N)} [1 —2H (L(y?\/]\—[H))} J

2N
YNI1

as 1 —2H (L(y34)) = H{LN) < 1} — 1{L(yY,) > 1} u
We state our first main result.

Theorem 1: Let W and V' be B-DMCs such that for a given i, the following conditions hold:
A)
Py |Lyo(y) < 1} > Py [vav” (y1') > 1] :
B)
Pel)(W, V) — Pel) (V) < 0.
Then, the minus polar transformation preserves the above conditions in the sense that at the
next level, they hold for the 2¢ — 1-th indice. On the other hand, while the plus transformation
preserves condition A, condition B may not be preserved in general.
Proof of Theorem 1:

A*) We know condition A is preserved by Proposition 5 for both transformations.

B~) For the minus transformation, we have by Proposition 7
Pl W, v) = Pl (V) = [PeQ(w,v) = P (V)] K. (13)

Now, we claim that K > 0, from which the sign of Pefg, Y(W,V) — Pe 2%\@, Y(v) <o

follows. To prove the claim, note that by equation (11), the constant K equals to
IEDWO [LV]E;') (y?vjil) < 1] + ]P)Vo [LVIE;') (y?vjil) < 1]

—Pw, [LVJ@ (yx4) > 1] — Py [vavﬂ (yx41) > 1] :



Then, the non-negativity of K follows by condition A, and Proposition 6 which shows

conditions A and B imply

Py | Lyl < 1} > Py, [ijgi)(yf ) > 1] .
B*) We give a counterexample: Let W be a binary symmetric channel (BSC) of crossover
probability 0.3, and V' a B-DMC such that the LRs take the values {1/¢,1,¢} such that
¢ > 1 with probabilities {0.4,0.5,0.1}. One can check that although conditions A and B
are satisfied, condition B fails to hold for the channel V.
]
In Theorem 1, we studied the one step preservation properties related to the channel parameter
Pe%), and saw that we need to have some constraints on the mismatch channel to be used if
we want to ensure condition B is preserved under both transformations. Before we proceed with
the second theorem, in which one such constraint is imposed, we make a small digression.
Consider the mismatched Bhattacharyya parameter Z(1/,V'). The parameter we obtain after
applying the plus polar transformation is given by

V*(y1y2ul|uQ = 1)
ZWt VT = E W+ =0
(W= Vo) (1l )\/V+(yly2u1‘U2 =0)

— V(Ql“)‘/(yz“)
% < (4110) (y2’0)\/v(y1!O)V(y2|O)>
(y110)V (y2[1)

—I—% ( (y1]1) (3/2!0)\/ (ylll)V(y2\0)>
V(y2[1)

Z (y2(0) V(al0)

]Ew()(yl)wo(m)[ Ly ( yl)Lv(yz)}

4110)

=Z(W,V)?,

where we used the symmetry property of ¥ and V. Similarly, Z (W V) = Z](\?(W, V)? holds
as well. As we know from [1] that Z (‘/'2(]%;)) =7 (VN )2, this time we can easily show that
the difference of the Bhattacharyya parameters will preserve its sign after applying the plus

transformation, i.e.,

Zy(W.V) = ZY (V) < 0= Zy) (W V) = Zi) (V) <.



In the next theorem, we explore the possible connection of such a result with Theorem 1.
Theorem 2: Let W and V be B-DMCs such that for any N = 2", n =1,2,..., and for any
1 =1,..., N, the channels satisfy

Py (W, V) = P (V) <0 iff Z (W, V) - Zy (V) <.

Then, the condition B of Theorem 1 is preserved under both polar transformations.

The theorem statement simply tells that if the Bhattacharyya upper bounds follow the same
behavior as their Peg\i,) counterparts; which can occur if for instance they are sufficiently tight for
both the matched and mismatched error probabilities, then as long as we design the polar code
for a mismatched channel V' such that Pe(W, V) < Pe(V) is satisfied, we are safe to use the
code over the channel /. Although Theorem 2 provides a partial solution to the design problem,

unfortunately it is non-constructive at this stage. We would need to study which channels could

satisfy these type of constraints.

A. Performance Analysis over Channels that Satisfy a Certain Stochastic Dominance Order

In this part, we impose slightly stronger conditions on the channels such that the design goal
1s met.

Theorem 3: Let W and V be two symmetric B-DMCs which satisfy the following conditions:

(i) Py [Lyv(y) <1] > Py [Ly(y1) > 1],

(i) Pw [1{Ly(y1) = 1}] <Py [1{Ly(y1) = 1}],

(i) Pw [1{Lv(y1) < 1}] = Pv [1{Lv(y1) = 1}].
Then, for any given N = 2" with n = 1,2,..., and any given i = 1,..., N, Pe%)(VV, V) <
Z(V$) holds. Moreover, Pel) (W, V) < Pel! (V) holds for Vi € Ay.

Note that for B-DMCs W and V' such that no initial output has a LR which equals to one,
the assumptions (ii) and (ii1) of Theorem 3 can be merged into a single initial condition as
Pe(W, V) < Pe(V).

Theorem 3 will be proved as a corollary to Proposition 8 and the subsequent Theorem 4.

Proposition 8: The process Py, LV](Vi) (y?") = 1| is a bounded submartingale in [0, 1] which

converges almost surely to the values {0, 1}.



Proof of Proposition 8: The boundedness claim is trivial. Let L; = L ¢ (yN) and Ly =
N

Ly (ya,) for simplicity. We first note that

Li+Ly
1+ L1Ly

Py [LiLy = 1] > Py [L = 1)°

Py { 1} = 2Py [L = 1] — Py [L = 1]%, (14)

where we used the fact that Py, [L = 1] £ Py [L; = 1] = Py [Ly = 1]. Therefore,

Ly + Ly

Py [LiLy = 1] + Py, | L =2
wlLaL ]+W[1+L1L2

:1} > 2Py [Ly = 1].

This inequality proves the process is a submartingale. By general results on bounded martin-
gales, we know the process converges almost surely [1]. One can complete the proof that the
convergence is to the extremes, using the relation in (14) in a similar fashion to the proof
of the convergence to the extremes of the Bhattacharyya parameters’ process attached to the

polarization transformations carried in [1, Proposition 9] since

1
Ey [|Pw [LT =1] =Py [L=1]|] > 5IEDW[L: 1] (1 =Py [L=1])
holds, and when the left side of this inequality goes to zero, {0, 1} are the only possible values
Pw [L = 1] can take. [
Theorem 4: Let W and V' be B-DMC:s such that for a given ¢, the following conditions hold:

A)
B)

0
Pu [Lyo ) <1] > Py [Lo6) <1].

Then, the polar transforms preserve the above three conditions in the sense at the next level,
they hold for the 2i-th and 27 — 1-th indices.

To prove Theorem 4 we need the following two propositions. Before these, we introduce a
notation.

Given two B-DMCs W and V, we denote by H (Ly (y))" <sp H (Ly(y))" if the distribution
of the random variable H (Ly (y)) under the distribution 1 (y|0) is stochastically dominated by



the distribution under V' (y|0). For a definition of stochastic dominance, see for instance [6,

Chapter 1.2, Theorem B]. Note that by definition the condition implies

Ew[FH (Lv(y)))] < Ev[FH(Ly(y)))]

holds for any non-decreasing function F'(.) for which the expectations exist. As an example,
the cases where W and V' are BSCs with crossover probabilities ey < e < 0.5 satisfy

H (Ly(y)" <sp H(Ly(y))" order.
Proposition 9: For any B-DMCs W and V, we have
HLv(y) > 13" <sp H{Ly(p) > 1}

it Py [1{Ly () > 1}] < By [1{Ly () > 1}].

Similarly, we have

H{Ly(y) <1 =sp 1{Ly (1) < 1}V

iff Py [1{Ly(y1) < 1}] = Py [1{Ly (1) < 1}].
Proof of Proposition 9: The proposition follows simply noting the random variable with

the indicator function is binary valued, so the two conditions are equivalent in each case. [ ]

Proposition 10: The random variable Eyy 1{LV(22-) () > 1}\1{Lv<i) (yN) > 1}}

Ew [1{L 2,>( M) < 1}\1{LV(Z (yV) < 1} ) is non-decreasing in 1{Lv“ (y¥) > 1}

1{Lv<i)(y1 ) < 1}) The random variable Ey [1{LV(2z () > 1}|1{Lv<i) (yN) > 1}]

Ew [1{1’\/(2’ y(y2N) < 1}]1{LV1(VZ-)(y1 ) < 1}}) is non-decreasing in l{LV(Z (yN) > 1}

Lo () < 1}) if the following condition holds:

Py [1{LV1$)(y{V) < 1}] > Py [1{LVJ<VZ-) V) > 1}] . (15)

Proof of Proposition 10: The claims for the plus operations are trivial. For the minus

operation, the claims follows by noting that

E[1{Lyeon (™) = Ly () = 1} = 0]
= E[H{Lyeon () < DLy () < 1} = 0]

=Py | Ly (53%) = 1}



and both

E [ 1Ly (7Y) > BILLp ) 2 1) = 1]
E [ 1Ly (43") < DLy () < 1} = 1
> Pw [L (Y < 1}
So, the condition in (15) is sufficient to prove the monotonicity claims. [ ]

Proof of Theorem 4:

AT) We know condition A is preserved by Proposition 5 for both transformations.
B*) Using Proposition 4 with the 1{L,,» (y") > 1} random variable instead of H (LV(“ (y2N )) ,
2N 2N

we can write

P [1{Lyg (07) 2 1] = B [1{Ly 0 (57") 2 1}

—Z y10Y) = V(N 00)] By [1{Zyg0 43Y) = ULy () = 1}

where we have defined

Ewv [HLy ) = Lo @) = 1]

= Z Z/N+1‘ON ) + V(ZUN+1’0N)] 1{Lv<i) (y%N) > 1} (16)
yN+1

Moreover, we know that the condition B implies via Proposition 9 that the random
variable satisfy l{LVJE;)(y{V) > 1MW <sp l{LV]y) (y) > 1}V . So, we will be done
if we show that the random variable defined in (16) obtained after applying both the
plus and minus transformations are non-decreasing transformations in 1{LV1<Vi)(y{V ) > 1}
We will consider the cases the expectations are taken under W and V' separately. For
E, [1{LV2<2 (%) > DLy () > 1}], we know by taking W = V in Proposition
10 and by condition A this claim holds. For Ey, [1{LV2(;V> () > 1}|1{LVJ(Vi)(y{V) > 1},
we know once again by Proposition 10 that this is true for the plus transformation and is

also true for the minus transformation if we have

Pyw [Lv(y1) < 1] > Pw [Ly(y1) > 1] (17)



So, now we show that (17) holds. Taking the difference of the inequalities in B and C, we

get

Pw [1{Lv(y1) < 1} = Pw [1{Ly(y1) > 1}]
> Py [1{Ly () <1} =Py [1{Ly (1) 2 1}] >0

where the non-negativity follows by condition A.

C*) The proof can be carried following similar steps as in part B*) showing that the transfor-
mations defined by Eyy v/ [1{LV§2<y%N) < 1}]1{LVJ<VZ~)(y{V) < 1}| are also non-decreasing
in 1{LV1(vi) (yN ) < 1} using Proposition 10, condition A, and Equation (17).

Now, we are ready to prove Theorem 3.
Proof of Theorem 3: Assume the conditions (i), (ii), and (iii) hold. Then, by Theorem
4, the conditions are preserved for the synthetic channels created by the polar transformations.

Hence, for Vi

Py [vav") (y1) > 1} <Py [Lvai) (y1) > 1} :

() > 1] < Z(VY)

Knowing the bounds PeE?(VV, V) < Py [LV(“ (y1) > 1} and Py, [LV“’) <
N N

hold, the relation PeS@(W’, V< Z (VA(; )) is proved.

On the other hand, Proposition 8 shows that once channels are sufficiently polarized, either
Py [Lvﬁ)(y%N )=1| ~1or Py |:LV]§fi) () = 1] ~ (. Moreover, one can easily find that the
first case lead to a completely noisy channel, and only the second case can possibly lead to a

perfect channel under mismatched decoding. In this last case, as we have
Pel)(W,V) = Py [LV]@ (i) > 1] ,

it turns out that, for those indices ¢ € Ay which correspond to the good channels’ picked by

the polar code designed for the channel V', we expect to have
P (W, V) < Pe(V), Vie Ay

as claimed. This completes the proof of the theorem. [ ]



Conclusions

We took a designer’s perspective to analyze the performance of mismatched polar codes in

which we tried to identify circumstances under which the polar code design using Arikan’s

original construction method [1] for a given B-DMC can be used reliably for a mismatched

channel. More implications of the results presented in this report will be discussed elsewhere.
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