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Abstract—1In this paper, we propose a new class of lattices
constructed from polar codes, namely polar lattices, to achieve
the capacity (1/2) log(14SNR) of the additive white Gaussian-
noise (AWGN) channel. Our construction follows the multilevel
approach of Forney ef al., where we construct a capacity-
achieving polar code on each level. The component polar codes
are shown to be naturally nested, thereby, fulfilling the require-
ment of the multilevel lattice construction. We prove that the
polar lattices are AWGN-good. Furthermore, using the technique
of source polarization, we propose discrete Gaussian shaping
over the polar lattice to satisfy the power constraint. Both the
construction and shaping are explicit, and the overall complexity
of encoding and decoding is O (N log V) for any fixed target
error probability.

Index Terms— AWGN-good lattices, discrete Gaussian shaping,
lattice codes, multilevel construction, polar codes.

I. INTRODUCTION

FAST-DECODABLE, structured code achieving the

capacity of the power-constrained additive white
Gaussian-noise (AWGN) channel is a major goal of commu-
nication theory. Polar codes, proposed by Arikan in [1], can
provably achieve the capacity of binary memoryless symmetric
(BMS) channels. An attempt to construct polar codes for
the AWGN channel was given in [2], based on nonbinary
polar codes or on the technique for the multi-access chan-
nel. Although coded modulation using polar codes has been
investigated in literature [3], [4], the AWGN channel capacity
has not been achieved, to the best of our knowledge.

Lattice codes are counterparts of linear codes in the
Euclidean space. The existence of lattice codes achieving the
Gaussian channel capacity has been well established using the
random coding argument [5], [6]. In the classical point-to-
point channel, lattice codes offer a low-complexity solution
compared to Gaussian random codes. More recently, thanks
to their rich structures, lattice codes have emerged as a

Manuscript received April 15, 2018; revised August 8, 2018 and
September 12, 2018; accepted October 3, 2018. Date of publication
October 15, 2018; date of current version February 14, 2019. The work of
X. Wu was supported in part by the National Natural Science Foundation
of China under Grant 61372123. This paper was presented in part at the
ITW 2012 and in part at the ISIT 2013. The associate editor coordinating
the review of this paper and approving it for publication was T. M. Duman.
(Corresponding author: Ling Liu.)

L. Liu and Y. Yan are with Huawei Technologies Co., Ltd., Shenzhen, China
(e-mail: liuling_88 @pku.edu.cn; yanyanfei@gmail.com).

C. Ling is with the Department of Electrical and Electronic Engineering,
Imperial College London, London SW7 2AZ, U.K. (e-mail: cling@ieee.org).

X. Wu is with the Nanjing University of Posts and Telecommunications,
Nanjing 210003, China (e-mail: xfuwu@ieee.org).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TCOMM.2018.2876113

novel framework of coding for multiuser communications,
such as compute-and-forward [7], [8] and index coding [9].
In many problems of Gaussian multiuser networks, lattice
codes demonstrate a clear advantage and outperform best
known solutions based on random codes. This is because
lattice codes enjoy the benefit of coordination despite the
distributed nature of coding in a network. Readers are referred
to [10, Ch. 12] for an extensive overview of the applications of
lattice codes to Gaussian networks and their advantages over
classical random coding approaches.

It is well known that the design of a lattice code consists of
two essentially separate problems: AWGN coding and shaping.
AWGN coding is addressed by the notion of AWGN-good lat-
tices [5], [11]. Recently, several new lattice constructions with
good performance have been introduced [12]-[14]. On the
other hand, shaping takes care of the finite power constraint of
the Gaussian channel. Capacity-achieving shaping techniques
include Voronoi shaping [5] and lattice Gaussian shaping [6],
[15], [16]. Despite these significant progresses, an explicit
construction of lattice codes achieving the capacity of the
Gaussian channel is still open (since this work was completed,
we have become aware of the work [13] which shows low
density Construction-A (LDA) lattices achieve capacity when
the signal-to-noise ratio (SNR) >1 in magnitude).

In this paper, we settle this open problem by employing the
powerful tool of polarization in lattice construction. The novel
technical contribution of this work is two-fold:

o The construction of polar lattices and the proof of their

AWGN-goodness. We follow the multilevel construction
of Forney et al. [17], where for each level we build a
polar code to achieve its capacity. We prove that the
subchannels arising from some lattice partition chains
are successively degraded, which guarantees that the
component polar codes are naturally nested, as required
by the multilevel construction. This compares favorably
with existing multilevel constructions [12], where extra
efforts are needed to nest the component codes.

o The Gaussian shaping technique for polar lattices in
the power-constrained AWGN channel. This is based
on source polarization and may be viewed as inverse
source coding. Finally, our scheme is able to achieve the
capacity 3 log(1 + SNR) with low-complexity multistage
successive cancellation (SC) decoding for any given
SNR. It is worth mentioning that our proposed shaping
scheme is not only a practical implementation of lattice
Gaussian shaping, but also an improvement in the sense
that we successfully remove the restriction SNR > ¢ in
[6, Theorem 3].
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Overall, both source and channel polarization are employed
in the construction, resulting in an integrated approach in the
sense that error correction and shaping are performed by one
single polar code on each level. Moreover, capacity is achieved
with minimum mean-square error (MMSE) lattice decoding.
The construction of polar lattices with Gaussian shaping is as
explicit as that of polar codes themselves, and the complexity
is quasilinear: O(N log® N) for a sub-exponentially vanishing
error probability and O(N log N) for a fixed error probability,
respectively.

All random variables (RVs) will be denoted by capital
letters. For a set Z, Z¢ denotes its complement, and |Z| repre-
sents its cardinality. Following the notation of [1], we denote
N independent uses of channel W by W¥. By channel
combining and splitting, we get the combined channel Wy
and the ¢-th subchannel W](\;). Throughout this paper, we use
the binary logarithm, denoted by log, and information is
measured in bits. We follow the standard asymptotic notation

f (@) = O (g () if limsup, ., |f(x)/g(x)| < .

II. BACKGROUND ON LATTICE CODING

A lattice is a discrete subgroup of R™ which can be
represented by

A={N=Bz:xeZ"},

where the generator matrix B is assumed to be of full rank in
this paper. The theta series of A is defined as

Or(r) = Y e I 55,
AEA

Readers are referred to the text [10] for basic definitions of
lattices.

In this work, we are mostly concerned with the block error
probability P.(A,o?) of lattice decoding. It is the probability
P{x ¢ V(A)} that an n-dimensional independent and iden-
tically distributed (i.i.d.) Gaussian noise vector x with zero
mean and variance o per dimension falls outside the Voronoi
region V(A). For an n-dimensional lattice A, the volume of a
fundamental region is given by V(A) = |det(B)|. Define the
VNR by

A sequence of lattices AY) of increasing dimension N is
AWGN-good if, for any fixed VNR greater than 2me,
Jim P.(AN) 62) = 0.

For 0 > 0 and ¢ € R™, the Gaussian distribution of mean
¢ and variance o2 is defined as

1 _le—cli?
fo_7c(x) = 202

(VZro) ’

for all = € R™. For convenience, let f,(x) = fo0(z).
Given a lattice A, we define the A-periodic function as

for(x) = for(z) =

AEA

2
N EEDY
202

1
Va7

AEA
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for z € R™. Note that f, A (z) is a probability density if = is
restricted to a fundamental region R (A). It is actually the prob-
ability density function (PDF) of the A-aliased Gaussian noise,
i.e., the Gaussian noise after the mod-R(A) operation [17].
When o is small, the effect of aliasing becomes insignificant
and the A-aliased Gaussian density f, a(z) approaches a
Gaussian distribution. When o is large, f, a(z) approaches
a uniform distribution. This phenomenon is characterized by
the flatness factor, which is defined for A as [18]

A)f, —1].
xgg(ﬁ)lv( ) fon(x) —1]

enlo) =
It can be interpreted as the maximum variation of f, A (z)
from the uniform distribution over R(A).

We define the discrete Gaussian distribution over A cen-
tered at ¢ € R" as the following discrete distribution taking
values in A € A:

Daoe(N) = fo,c(N)

 foe(A)

where foc(A) £ 3,4 fo.c(A) = foa(c). Again for conve-
nience, we write Dj o = Dp 0.

If the flatness factor is negligible, the discrete Gaussian
distribution over a lattice preserves the capacity of the AWGN
channel [6, Th. 2].

YA €A,

III. CONSTRUCTION OF POLAR LATTICES

We now follow Forney er al.’s multilevel approach [17] to
construct polar lattices.

A. Forney et al.’s Construction

Given a sublattice A’ C A, the quotient group A/A’ induces
a partition of A into equivalence classes modulo A’. We call
A/A’" a lattice partition [17]. The order of the partition is
denoted by |A/A’|, which is equal to the number of cosets.
If [A/A’| = 2, we call this a binary partition. Similarly, if A’ C
A1 C---C Ay CA forr>11is a chain of lattices with
quotients A/Ay/ - /Ar—1/N, then AJAy/--- /A _1/N is
called an n-dimensional lattice partition chain. For each par-
tition Ag_1/A¢ (1 < ¢ < r with convention Ag = A and
A, = A’), a code C; over Ay_1/A; selects a sequence of
representatives ay for the cosets of A,. Consequently, if each
partition is a binary partition, the codes C, are binary codes.

Construction D requires a set of nested linear binary codes
Cy CCy--- CCp [17]. Suppose Cp has block length IV and the
number of information bits k&, for 1 < ¢ < r. Choose a basis
g1,82, - ,gn such that gi,---gy, span C,. In this work,
we focus on the one-dimensional partition chain Z/27Z/--- /2" Z
for the simplicity of presentation. Accordingly, the lattice L
admits the form [17]

ke

L= {sz—lzu;gﬁz’“zfv | uj € {0,1}} (1)

{=1 i=1

where the addition is carried out in R™. The fundamental
volume of a lattice obtained from this construction is given
by the volume of the bottom lattice A’ as

V(L) =27 VeV (AT,
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where Re = >)_; R = + >_,_; k¢ denotes the sum rate of
component codes.

A mod-A Gaussian channel is a Gaussian channel with an
input in V(A) and with a mod-V(A) operator at the receiver
front end [17]. The capacity of the mod-A channel for noise
variance o2 is

C(A,0%) =log V(A) = h(A, 0%, )

(
where h(A,0?)
noise over V(A):

is the differential entropy of the A-aliased

h o) = = [ foa(e) og foa(a)d:

V(A

Given lattice partition A/A’, the A/A’ channel is a mod-A’
channel whose input is restricted to discrete lattice points in
(A + a) N R(A’) for some translate a. The capacity of the
A/A’ channel is given by [17]

C(A/N 0% = C(N,0%) — C(A, %)
= h(A,0%) — h(A',0%) + log(V(A")/V (7).
3)
Further, if A/Ay/ -+ /A,—1 /A’ is alattice partition chain, then
C(A/N,0%) = C(A/Ay,0%) + -+ C(Ar_1 /N, 07%). (4

The key idea of [17] is to use a good component code
Cy to achieve the capacity C'(Ay_1/Ay,0?) for each level
£ = 1,2,...,r in Construction D. For such a construction,
the total decoding error probability with multistage decoding
is bounded by

P.(L,0%) < ZPe(Cg,UQ) + P.(AHYN, 0?). (5)
=1
To achieve a vanishing error probability, i.e., to make
P.(L,0%) — 0, we need to choose the lattice A’ such that
P.((A")N,0?) — 0 and that all the codes C; for the Ay_1 /A,
channels have error probabilities tending to zero.
Since V(L) = 2= NEeV(A')N | the logarithmic VNR of L
is

log (%@) = log

= log

V(L)w~
2meo?
2-wley(N)®
2meo?

2 2
_ERC + - log V(A') — log 2mea?.  (6)

Define
€1 =C(A,0?)
€2 = h(0?) — h(A, 0?) (7

€3 = C(A/A/,O'Q)—Rczzzzl C(Ag_l/Ag,O'Q) — Rg,

where h(0?) = %log2meo? is the differential entropy of
the Gaussian noise. We note that, ¢; > 0 represents the
capacity of the mod-A channel, e > 0 (due to the data
processing inequality) is the difference between the entropy
of the Gaussian noise and that of the mod-A’ Gaussian noise,
and e3 > 0 is the total capacity loss of component codes.

Then we have

log <7L—@) = %(61 — €2+ €3).

2me

Since €5 > 0, we obtain the upper bound!

log <”—(”)> < 2(a+e) ®)

2me
Since log EELT(Z)) = 0 represents the Poltyrev capacity [11]
[10, Th. 6.3.1], i.e., the capacity per unit volume of an
unconstrained AWGN channel, the right hand side of (8) gives
an upper bound on the gap to the Poltyrev capacity. The bound
is equal to %(61 + ¢3) decibels (dB), by conversion of the

binary logarithm into the base-10 logarithm.

To approach the Poltyrev capacity, we would like to have
P.(L,0%) — 0 for any log (72LT(Z) > 0. Thus, from (8),
we need that both ¢; and es are arbitrarily small. In the
following lemma, we upper-bound ¢; by the flatness factor
ea(o) of the top lattice.

Lemma 1: The capacity C(A, o?) of the mod-A channel is
bounded by

C(A, ) <log (1 + ep(0)) < log(e) - ea(o). 9)
Proof: By the definition of the flatness factor, we have
1+ ea(o)
< —F.
fo(®) £ 78]

Thus, the differential entropy of the mod-A Gaussian noise is
bounded by

WA, 0%) = — /v o (@) 08 Lot

—/ fon(z) log
V(A1)

1+en(o)
V(A)
=log V(A) —log (1 + ex(0)).

Therefore, from (2), C(A, 0?) is bounded by log (1 + ex(0)).

The second inequality in (9) follows from the fact log(1+x) =

log,(e) - log, (1 4+ x) < log(e) - « for = > 0. O
Thus, we have the following design criteria:

1+ea(o)
V(A)

Y

dx

= —log

o The top lattice A has a negligible flatness factor e (o).

o The bottom lattice A’ has a small error probability
P.(N',0?).

o Each component code C is a capacity-approaching code
for the Ay_1/A; channel.

Asymptotically, the error probability of a polar code of
codeword length N decreases approximately as 0(2_‘/ﬁ) [19]
and we may desire a similar form for the error probability
of a polar lattice. In (5), we can let P.((A)V,0?) decrease
exponentially by increasing the volume of the bottom lattice
A’ or equivalently by expanding the partition chain. More
explicitly, the next lemma shows that the first two ceriteria

!t was shown in [17] that ex =~ 7P.(A’, o2), which is negligible compared
to the other two terms.
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can be satisfied by r growing with log N (see Appendix A for
a proof).

Lemma 2: Consider a partition chain A/Aq/ -+ /A1 /A
There exists a sequence of numbers of levels r = O(log N)
such that €5 (o) = O(e ) and P.(A',0%) = O(e™ 7).

Remark 1: Lemma 2 is mostly of theoretical interest, e.g.,
for proving a partition chain with increasing levels is capacity
achieving. In practical designs, if the target error probability
is fixed, e.g., P.(L,0?) = 1075, a small number of levels will
suffice. This is because one can choose a top lattice such that
ea(o) ~ 1072 and a bottom lattice such that P,(A’, 0?)
1075, for instance. In fact, it was shown in [17] that a two-
level partition chain Z/27Z/4Z is enough if n = 1, although
slightly more levels are needed if n > 1. Readers are referred
to [17] for more details and Section V for design examples.

~
~

B. Polar Lattices

It is shown in [17] that the A;_; /Ay channel is symmetric,
and the optimum input distribution is uniform [17]. Since we
use a binary partition Ay_1 /Ay, the input Xy is binary for £ €
{1,2,...,7}. Associate X, with representative a, of the coset
in the quotient group Ay_1/A,. The fact that the Ay_1/Ay
channel is a BMS channel allows a polar code to achieve its
capacity.

Let Y denote the output of the AWGN channel. Given
Z1.0-1, let Ay(z1,) denote the coset chosen by xy,
ie., A¢(x14) = a1 + -+ + ag + Ay. The conditional PDF
of this channel with input z, and output gy, = y mod Ay is
given by [17]

Py, x, x1.0 1 Welze, 21:0-1)
= for,(Je — a1 — - — ay)

5¢ — all?

Definition 1: (Channel degradation [20]): Consider two
channels W7 : X — Yy and Wy : X — )». Channel W
is said to be (stochastically) degraded with respect to W if
there exists a channel Q : )» — ) such that

Wiyilz) = Y Walya|)Q(u1 lys)-

Y2EV2

1
Vire 2 1o

a€ Ay (1.0

The proof of the following lemma is given in Appendix B.

Lemma 3: Consider a self-similar binary lattice partition
chain A/Ay/---/A,_1/A’, in which we have Ay = T*A for
all £, with T' = o'V for some scale factor o > 1 and orthogonal
matrix V. Then, the Ay_1/A, channel is degraded with respect
to the Ay/Ap+1 channel for 1 < ¢ <r —1.

Now, we recall some basics of polar codes. Let W (y|x) be
a BMS channel with input alphabet X = {0,1} with a priori
distribution Bernoulli(1/2) and output alphabet ) C R.
Polar codes are block codes of length N = 2™ with input
bits uN. Let I(W) be the capacity of W. Given a rate
R < I(W), the information bits are indexed by a set of RN
rows of the generator matrix G = [19]%™, where ® denotes
the Kronecker product. This gives an /N-dimensional channel

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 67, NO. 2, FEBRUARY 2019

W (y*N|utN). The channel seen by each bit [1] is given by

1 . .
Z FWN(ZJLNhLLN).

witliN gy N—i

W](\;'L) (ylzN, ul:i71|ui) _

Arikan proved that as NV grows, each channel Wj(\;) approaches
either an error-free channel or a completely noisy channel.
The set of almost completely noisy (resp. almost error-free)
subchannels is called the frozen set F (resp. information set
7). One sets u* = 0 for 4 € F and only sends information bits
within 7.

Given a priori input distribution Bernoulli(1/2), the error
probability of channel W with transition probability Py |x
under maximum-likelihood decision is given by

PL(W) = 5 3 min{ Py (u10). Py x (sl1)}

The Bhattacharyya parameter serves as an upper bound on
P.(W).

Definition 2 (Bhattacharyya Parameter for Symmetric
Channel [1]): Given a BMS channel W with transition
probability Py |x, the Bhattacharyya parameter Z € [0, 1] is
defined as

ZW) &3 /Py x(y[0) Py x (y[1).
Yy
The rule of SC decoding is defined as
Y
W}(\;)(y1:N7a1:¢—1|1)

1 otherwise.

1:N7 ,&1:1'71 |0)

0 2€F or

>1 whenieZ,

Let Pp denote the block error probability of a binary
polar code under SC decoding. It has been proved in [1] that
Pp can be upper-bounded by the sum of the decoding error
probability of the genie-aided SC decoder for each information
bit, i.e., Pg < ZiezZ(W](\;)). It is worth mentioning that there
are some other decoding methods such as belief propagation
decoding [21] and list decoding [22], which perform better
than SC decoding. However, in this work, we focus on SC
decoding because it is sufficient to show that polar lattices are
able to achieve the capacity of AWGN channels.

It was shown in [19] and [23] that for any 3 < 1,

1 i _
lim {i:zWP) <27V = (W)
1 i _NPB
lim ~ [{i: 1) >1-2 N[}‘ = I(W).

This means that the fraction of good channels approaches to
I(W) as m — oo. Therefore, constructing polar codes is
equivalent to choosing the good indices.

Let P(N,ky) denote the component polar code for the
Ay—1/Ay partition channel (1 < ¢ < 7r), where k; is
the size of its information set and N is the block length.
We stack them as in Construction D to build the polar lattice.
The following lemma shows that these component codes
are nested, which guarantees that the multilevel construction
creates a lattice [17]. Two rules may be used to determine the
component codes. One is the capacity rule [17], [24], where
the channel indices are selected according to a threshold on the
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mutual information. The other is the equal-error-probability
rule [24], namely, the same error probability for each level,
where we select the channel indices according to a threshold
on the error probability or the Bhattacharyya parameter. The
advantage of the equal-error-probability rule is that it gives
an estimate of the error probability. For this reason, we use
the equal-error-probability rule in this paper. It is well known
that the polar codes constructed according to these two rules
converge to each other as the block length goes to infinity [1].
Lemma 4: For the equal-error-probability rule based on
either the error probability or the Bhattacharyya parameter,
the component polar codes built in the multilevel construction
are nested, i.e., P(N, k1) C P(N,ks) C--- CP(N, k).
Proof: Firstly, consider the equal-error-probability rule
based on the Bhattacharyya parameter. By [23, Lemma 4.7],
if a BMS channel V' is a degraded version of W, then the
subchannel VIE; ) is also degraded with respect to W](\;) and
Z(V]S,Z)) > Z(W](\;)). Let the threshold be 2=” for some
B < 1/2. The codewords are generated by ="V = u’G7,
where G7 is the submatrix of G whose rows are indexed by
information set Z. The information sets for these two channels
are respectively given by
Tw = {i: ZW) < 2N},
Ty ={i: Z2(V{?) < 2-N"}.
Due to the fact that Z(Vjs,l)) > Z(W](\;)), we have Zy C
Iw. If we construct polar codes P(N,|Zw|) over W and
P(N,|Zv]|) over V, Gz, is a submatrix of Gz, . Therefore
From Lemma 3, the channel of the /-th level is always
degraded with respect to the channel of the (¢ + 1)-th level,
and consequently, P(N, k;) C P(N, key1), for 1 < £ <.
Then, consider the selection based on the error probability
itself. The nesting _relation still holds. This _is because, by [25,
Lemma 3], P, (V") > P.(W{?) since V\{") is degraded with
respect to WJ(\?. ]
However, the complexity of exact code construction for a
BMS channel with a continuous output alphabet appears to
be exponential in the block length. A quantization method
was proposed in [25] which transforms a BMS channel with a
continuous output alphabet to one with a finite output alphabet.
Also, the authors of [26] proposed an approximation method
to construct polar codes efficiently over any BMS channel.

We follow these methods to construct polar codes for the
A¢—1/Ay channel. Details can be found in [27].

C. AWGN Goodness

By combining the previous lemmas, we arrive at the main
result of this section:

Theorem 1: Construct polar lattice L with the n-
dimensional binary lattice partition chain A/A1/--- /A, _1 /A’
and r nested polar codes of block length N, where r =
O(log N) such that ex(0) = O(e™¥) and P.(A',0?) =
O(e™™). For any 0 < 3 < 1/2, the error probability of L

under multistage decoding is bounded by

P.(L,0%) <rN2~N" 4 N (1 —/ fUQ(:c)da:>, (11)
%

(A7)
with the logarithmic VNR bounded by (8). Then, L is AWGN-
good, i.e., P.(L,0?) — 0 as N — oo for arbitrary VNR
greater than 2me.

Proof: The fact that the component polar codes are nested
is due to Lemma 4, while the condition » = O(log N) is
due to Lemma 2. The error probability bound (11) comes
from (5). For a threshold 2% 7 of the Bhattacharyya para-
meter, the block error probability of a polar code with SC
decoding is upper-bounded by N2~V ?, which gives the first
term on the right-hand side of (11). The second term of (11)
is due to the union bound. Since both terms of (11) vanish as
block length N grows, P.(L,02) — 0.

Then we analyze the VNR. By Lemma 1, we have ¢; =
C(A,0?%) < log(e) - ea(o) = O(e™N). Also, the capacity
loss €3 can be arbitrarily small as N — oo. Plugging these
into (8), we can make log (VQLT(Z)) arbitrarily close to 0 as
N — oo. 0

Remark 2: In practice, if the target error probability is fixed
(e.g., 107?), r can be a small integer, namely, r does not have
to scale as log V. Thus, the essential condition is N — oo.
Particularly, our example in Section IV shows that r = 2
is sufficient for a target error probability around 10~> when
o = 0.3380.

IV. POLARIZATION-BASED GAUSSIAN SHAPING

To achieve the capacity of the power-constrained Gaussian
channel, we can apply Gaussian shaping over the polar lat-
tice L. However, it appears difficult to do so directly. In this
section, we will apply Gaussian shaping to the top lattice A
instead, which is more friendly for implementation. This is
motivated by [6, Th. 2], which implies that one may construct
a capacity-achieving lattice code from a good constellation.
More precisely, one may choose a low-dimensional top lattice
such as Z and Z? whose mutual information has a negligible
gap to the channel capacity as bounded in [6, Theorem 2],
and then construct a multilevel code to achieve the capacity.
We will show that this strategy is equivalent to implementing
Gaussian shaping over the AWGN-good polar lattice.

A. Asymmetric Channels in Multilevel Lattice Coding

By [6, Theorem 2], we choose a constellation Dy .,

such that the flatness factor €j (o) is negligible,

where ¢ = ZaC Let the binary partition chain
oito

AJA1/ - JA.—1/N/--- belabelled by bits X7, -+, X,.,---.

Then, Dp,,, induces a distribution Py, whose limit
corresponds to Dp 5, as 7 — co. An example for Dy,
for 05 = 3 is shown in Figure 1. In this case, a shaping
constellation with M = 32 (r = 5) points are actually
sufficient, since the total probability of these points is rather
close to 1.

Authorized licensed use limited to: Texas A M University. Downloaded on February 28,2020 at 13:22:49 UTC from IEEE Xplore. Restrictions apply.



920

e
=
=

—o Dz,
|- N0, =3)

B
—_
(35

Probability
[=] (=]
=y = o
(=2} =) —_

h [}
T

o

=3

=
T

0.02} T T

o .,,¢fTT T‘T%.

20 -10 0 10
Z

20

(@) Dz,6, foros =3

Fig. 1.
bits X1, Xo,.

By the chain rule of mutual information

I(Y; X1o) = > I(Y;5 X X1:01), (12)

=1

we obtain r binary-input channels W, for 1 < ¢ < r. Given
Z1.0—1, denote again by A;(x1.,) the coset of A, indexed by
x1.¢—1 and zy. According to [24], the channel transition PDF
of the /-th channel W is given by

Pyix, X1 Wl2e, 21:0-1)

1
~ P{A(z10)} 2

P(a)Py|a(yla)
a€A;(z1.0)
a€A(x1.0)

2 2
exp (_Ily al® |al )
lyl?

202 202
Cex (_ > 1 1
- 2(02 +02) ) fo,(Ae(z1:0)) 200

xexp | —

20202
_ _ 1 1
P\ T2(02 4 0?) ) £ (Ad(are)) 2700,

1 1
" fo (A1) 2 2ro0,

>

acAg(z1:e)

2
s

y—a
o2+ 02

g

lyII?

a€Ae(x1:0)

oy — all?
X —_—— . 13
exp ( = (13)
where o = 02:?02 is the MMSE coefficient. In general, W,

is asymmetrics with the input distribution Px, x,, , unless
fo,(Ae(z1:0))/ fo. (Ar—1(z1:0-1)) ~ 1, which means that
ea,(05) is negligible.

For a finite power, the number of levels does not need to
be large. The following lemma shows in a quantitative manner
how large r should be in order to achieve the channel capacity.
The proof can be found in [27].

Lemma 5: There exists 7
that using the first r levels only
loss >0, I(Y; X0 X1:0-1) = O(3).

O(loglog N) such
incurs a capacity

Lattice Gaussian distribution Dy, . and the associated labelling. A probability P(X1, X2, ..
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DZ,n
P(X,=0) P(X,=1)
27 2Z+1
P(X,=1X,=0) P(X,=1X,=1)
P(X,=0,X,=0) P(X,=0,X,=1)
47 4Z+2 4Z+1 4Z+3

(b) Bit labelling

., X;) in (b) is given by that of the coset indexed by

-, Xj; for example, P(X1 =1, X2 =0) = >", 47,1 Pr()\), where Pr(-) denotes the probability mass function of Dz ..

Remark 3: The condition r = O(loglog N) is of theoret-
ical interest, similarly to the condition » = O(log N) in the
AWGN-good setting (Lemma 2). In practice, r can be a small
constant so that the different between I(Y'; X;.,.) and capacity
is negligible, as we will see from the example in the next
section. Note that the relaxed condition on r is thankfully due
to the power constraint. Unlike the AWGN-good setting, here
we no longer have the term P, (A’ N, 0?) in the upper bound
of the error probability, since the bottom lattice A’ does not
carry any message.

B. Polar Codes for Asymmetric Channels

Since the component channels are asymmetric, we need
polar codes for asymmetric channels to achieve their capacity.
Fortunately, polar codes for the binary memoryless asymmet-
ric (BMA) channels have been introduced in [28] and [29]
recently.

Definition 3 (Bhattacharyya Parameter for BMA Channel
[28], [30]): Let W be a BMA channel with input X €
X = {0,1} and output Y € Y, and let Px and Py|x
denote the input distribution and channel transition probability,
respectively. The Bhattacharyya parameter Z for channel W
is the defined as

Z(X|Y) = 23 Py (y)y/Pxiy (0ly) Pxyy (11y)

=2 Z \/Px,y(o, y)Pxy(1,y).

Note that this deﬁnitign reduces to that for the BMS channel
when Py is uniform.

The next lemma shows that adding an observable at the
output of W will not increase Z. Its proof is omitted due to
space limitation, and can be found in [27].

Lemma 6 (Conditioning Reduces Bhattacharyya Parameter
Z): Let (X,Y,)Y') ~ Pxyy,X € X = {0,1},Y € ),
Y’ €)', we have

Z(X|Y,Y') < Z(X]Y).
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Fig. 2. The relationship between the asymmetric channel W and the
symmetrized channel W.

Let X"V and Y be the input and output vector after N
independent uses of W. For simplicity, denote the distribution
of (X*,Y") by Pxy = PxPy|x for i € [N]. The following
property of the polarized random variables UV = X1ENG
is well known.

Theorem 2 (Polarization of Random Variables [28]): For

any 3 € (0,1/2),

. 1 i|rrli—1 _ o—N” _
Jim {z ZUHIUY1) > 1 -2 }‘H(X),
. 1 ’L lii—1 —NP
- < — 1 _
ngxéoN{zZUU ) <2 }‘ 1 - H(X),
: 1 ijprlii—1 31N NP
— >
ngxéoN{zZUW YUNY> 19" } H(X|Y),
1 — :
lim {z : Z(U1|U“1,Y1‘N)<2N[’H—1—H(X|Y),
(14)
and
; Loy i|77li—1 y1:N —N#
— : ' : <
ngr(l)ONHz Z(U'\U LY 5 <2
and Z(U'|U 1) > 1 -2V = 1(X; V),
; Loy i|77li—1 3 1:N —N#
— : ' : >
ngr(l)ONHz Z(U'\U Y5 > 2
or ZWUHUY Yy <1—27 N} =1 - I(X;Y). (15)

The Bhattacharyya parameter for asymmetric models was
originally defined for distributed source coding in [30]. By the
duality between channel coding and source coding, it can be
also used to construct capacity-achieving polar codes for BMA
channels [28]. Actually, Z(U!|U'"~1) is the Bhattacharyya
parameter for a single source X (without side information).

The Bhattacharyya parameter of a BMA channel can be
related to that of a symmetric channel. To this aim, we use
a symmetrization technique which creates a BMS channel T
from the BMA channel W [23], [28]

Lemma 7: (Symmetrization): Let Whbea binary-input chan-
nel with input XeX= {0,1} and output Y €Y x X, built
from the asymmetric channel W by treating X as the new
input and X & X as an additional output, as shown in Figure 2.
Then W is a binary-input symmetric channel in the sense that
PY\X(?% x @ Z|z) = Py, x (y, ). Therefore, the optimal input
distribution of T is the uniform distribution.

The following theorem connects the Bhattacharyya Parame-
ter of a BMA channel IV and that of the symmetrized channel
. Denote by Wy and Wy the combining channels of N uses
of W and W, respectively.

Theorem 3: (Connection Between Bhattacharyya Parame-
ters [28]): Let X1N and V1IN — (YLN,XLN@XLN)
be the input and output vectors of W, respectively, and let
UYN = X¥N@Gy and UYN = X5N@Gy. The Bhattacharyya
parameter of eagh subchannel of Wy is equal to that of each
subchannel of Wy, i.e.,

(Ulel —1 Yl N) (Wj(\/'))

_ Z(UZ|U1:1,717yl:N7X11N D XIZN).

Now, we are in a position to construct polar codes for the
BMA channel. Define the frozen set F and information set Z
of the symmetric polar codes as follows:

frozen set: F

={ie [ZY] L Z(U UL YN 2*Nﬁ}
information set: Z
— {Z e [N] R Z(Ui|U1:i717Y1:N) S 271\7/5}.

(16)

By Theorem 3, the Bhattacharyya parameters of the sym-
metrized channel W and the asymmetric channel W are the
same. However, the channel capacity of Wis I ()~( ; X D
X)+I(X;Y|X @ X) = 1— H(X) + I(X;Y), which is
1 — H(X) more than the capacity of W. To obtain the
real capacity I(X;Y) of W, the input distribution of W
needs to be adjusted to Px. By polar lossless source coding,
the indices with very small Z(U*|U%*~1) should be removed
from the information set Z of the symmetrized channel, and
the proportion of this partis 1 — H(X) as N — co. We name
the remaining set as the information set 7 of the asymmetric
channel W. Further, there are some bits which are uniformly
distributed and can be made independent from the information
bits; we name this set as the frozen set F. In order to
generate the desired input distribution Py, the remaining bits
are determined by the bits in F U Z; we call it the shaping
set S. This process is depicted in Figure 3. We formally define
the three sets as follows:

frozen set: F
= {i € [N]: ZU|U¥=1, Y EN) > 1 — 2=~}
information set: 7
={i € [N]: Z(U|U*~1, YNy < 2N and (1
ZUHUYi) > 127N}
shaping set: S = (FUZ)".

To find these sets, one can use Theorem 3 to calculate
Z(UHUti=1 y1:N) with the known technique for symmetric
polar codes [25]. We note that Z(U*¢|U***~ 1) can be computed
in a similar way: one constructs a symmetric channel between
X and X & X, which is actually a binary-input symmetric
channel with cross-over probability Px(z = 1). The above
construction is equivalent to implementing shaping over the
polar code for the symmetrized channel .

Besides the construction, the decoding can also be converted
to that of the symmetric polar code. If X LN g XEN =,
we have U'N = UMV, which means the decoding result of
U'N equals to that of [N Thus, decoding of the polar code

Authorized licensed use limited to: Texas A M University. Downloaded on February 28,2020 at 13:22:49 UTC from IEEE Xplore. Restrictions apply.



922

almost random
given (U“",Y"N)

~

f

~

A

almost random
given (01;;’71 X EB)”(J:N yl:N)

} 1-H(X)

almost deterministic
given (01:1'71 X EBXI:N YI:N)

(FuIzy)

[
-

almost deterministic
given (U*',y™

and almost random
given U"™'

Ul:N

Polarization for symmetric and asymmetric channels.

TI:N
U

Fig. 3.

for W can be treated as decoding of the polar code for W
given that X & X = 0. Clearly, the SC decoding complexity
for asymmetric channel is also O(N log N). We summarize
this observation as the following lemma. The proof can be
found in [28].

Lemma 8: (Decoding for Asymmetric Channel [28]): Let
y"N be a realization of YV and @'~ be the previ-
ous i — 1 estimates of u'"V. The likelihood ratio of u® is
given by
PUi,‘Ul:i—l’leN(O|ﬁ1:i71,ylzN)

PUi‘Ul:i—17Y1:N (1|ﬁ1:i71, ylzN)
W](\;) ((ylzN’ OI:N)7 i1 |0)

WN ((yl:N,Ol:N)7a1:’L—1|1)

where W](\f) denotes the transition probability of the i-th
subchannel of WN.

In [28], the bits in F U S are all chosen according to
Pyijpii-1 (uf|ut~1), which can also be calculated using (18)
(treating Y as an independent variable and remove it). How-
ever, in order to be compatible with polar lattices, we modify
the scheme such that the bits in F are uniformly distributed
over {0,1} while the bits in S are still chosen according to
Pyijpi-1 (uf|u'~1). The expectation of the decoding error
probability still vanishes with IN. The following theorem is an
extension of the result in [28, Th. 3].

Theorem 4: Consider a  polar code  with  the
following encoding and decoding strategies for a BMA
channel.

1:N

o Encoding: Before sending the codeword =z
u*NGy, the index set [N] are divided into three parts:
the frozen set F, the information set Z and the shaping
set S which are defined in (17). The encoder places
uniformly distributed information bits in Z, and fills F
with a uniform random {0, 1} sequence which is shared
between the encoder and the decoder. The bits in S are
generated by a mapping ¢s = {;}ics in the family
of randomized mappings ®s, which yields the following
distribution:

ui — (bi(ul:i_l)
0 with probability Ppi|gii-1(0fu"1),
~ |1 with probability Pyijgri-a (Lu=1).

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 67, NO. 2, FEBRUARY 2019

« Decoding: The decoder receives " and estimates @'V

of u™N according to the rule

ul, ifieF
L | es@ty, ifies
- argmax PUilUl:i—l’leN
u
(ulat =1yt ), ifieZ.

With the above encoding and decoding, the message rate
can be arbitrarily close to I(X;Y) and the expectation of
the decoding error probability over th,e randomized mappings
satisfies Eqo[PSC(¢s)] = O(2N") for B/ < B < 0.5,
where [ is used to choose the frozen set, the information set,
and the shaping set as in (17).

By an averaging argument, there e)sists a deterministic map-
ping ¢s such that P.(¢s) = O(2‘Nﬁ ). However, it is difficult
to actually find such a deterministic mapping. In practice,
we may share a random mapping ¢s between the encoder
and decoder, i.e., let them have access to the same source of
randomness (e.g., using the same seed for the pseudorandom
number generators).

C. Multilevel Polar Codes

Next, our task is to construct polar codes to achieve the
mutual information I(Y'; X¢|X;.,—1) for all levels. The con-
struction of the preceding subsection is readily applicable to
the construction for the first level W;. To demonstrate the
construction for other levels, we take the channel of the second
level W5 as an example. This is also a BMA channel with input
Xo € X ={0,1}, output Y € Y and side information X;. Its
channel transition probability is shown in (13). To construct
a polar code for the second level, we propose the following
two-step procedure.

Step 1:

1) Construct a polar code for the BMS channel with

input vector X}V [X),X2,-- -, XN] and output
vector YN = (XQLN@XQLN,YLN,X%:N) where

Xi € X = {0,1} is uniformly distributed. At this
step X is regarded as a part of the outputs. Then
the distribution of X, becomes the marginal distribu-
tion > . .. Px,, (z1.;). Consider polarized random
variables U3V = XINGy and U3V = XINGy.
According to Theorem 2, the polarization gives us the
three sets Fo, Z, and S} as shown in Figure 4. Similarly,
we can prove that ‘I—]\il — I(Y, X1; X5) and IszLSM —
1 —I(Y,X1;X2) as N — oo. These three sets are
defined as follows:
frozen set: Fo = {i€[N]:
Z(UUy L Y N XEN) > 127N
information set: 7}
= {i € [N]: Z(Ui|UF— YN X 1Ny <9-N”
and Z(ULUL* 1) >1—2-N"}
shaping set: S, = (Fo UTZ5)".

19)
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The second step of polarization in the construction for the second

2) Treat XV as the side information for the encoder.
Given X{N, the choices of X1V are further
restricted since X; and Xo are generally corre-
lated, i.e., P’X1 Xo (.1?1, .132) = fgS (.A(J)l, .1?2))/st (A)
(cf. Figure 1). By removing from 7/ the bits which are
almost deterministic given UQM_1 and X 11‘N , we obtain
the information set Zy for W5. Then the distribution
of the input X, becomes the conditional distribution
Px,|x, (x2]x1). The process is shown in Figure 5. More
precisely, the indices are divided into three portions as
follows:

1 = 1-1(Xo; Xo® X5, X,,Y)
| Fal /N

+I()~(2;X2 ® X2, X1,Y)

Sty I(X2; Xo ® X0, X1,Y)
|Fa|/N
+I(X2; X ® X))+ I(X2; X1, Y| Xy @ Xo)
|S4|/N 74| /N
S [(Xo; KXo @ Xo, X1, V) + 1 — H(X,)
|F2| /N |S51/N
+I(X9; X1) + (X9 Y| X1)
—_— Y—
ISx, |/N 2| /N
= 1-I(X2; Xo® X, X1,Y)+1— H(Xs|X))
|F2| /N |Sa| /N
+I(X2,Y|X1)
N————
|Z2|/N

We give the formal statement of this procedure in the
following lemma.

Lemma 9: After the first step of polarization, we obtain
the three sets Fo, Z, and S5 in (19). Let Sx, denote
the set of indices whose Bhattacharyya parameters satisfy
Z(U§|U21:i—1’yl:N’X11:N) S 27Nﬁ’ Z(U21|U217,—17X11N) S
1—2"N" and Z(Ui|UF*~1) > 1 — 2=N”_ The proportion of
Sx, is asymptotically given by limy_, IS_;\?I = I(Xq; X1).
Then by removing Sx, from Z), we obtain the desired
information set Z, corresponding to the mutual information
I(X2;Y|X,) associated with W5. Formally, the three sets are
obtained as follows:

frozen set:

Fy={i€[N] : Z(U|UF—L y N XNy >1-2-N"}

information set:

Tp = {i € [N]: Z(Ui|UY 1 YN XLENY < 9-N7
and Z(U|UF—1 XENY > 1 —2-N")

shaping set: Sy = (Fo UZo)".

(20)

Proof:  Firstly, we show the proportion of set Sx,
goes to I(Xy;X2) as N — oo. Here we define a slightly
different set Sy, = {i € [N] : Z(UJU;" ", X{N) <
2-N" and Z(UUS Y > 1 — 2_NB}. Suppose we are
constructing an asymmetric polar code for the channel from
X, to Xo; it is not difficult to find that limy_ o ‘Sj\‘fll =
I(X9; X7) by Theorem 4. Furthermore, by Lemma 6,
if Z(USUF*1, XNy < 278 we can immediately have
Z(USUY=1 XN y1N) < 2-N” Therefore, the differ-
ence between the definitions of Sx, and S’ only lies on
Z(U3|Uy 1, X}*N). Denoting by Px, the unpolarized set
with 2=V < Z(U3|UF*=1, X1V) <1 -2V we have

. |Sx, | |53(1| o |Px|
it B N e S L I ZAl_ .
lim ( lim 0 21
As a result, limpy_, lsj\?‘ =limy_ lsj\?‘ = I(Xy; X71).

Secondly, we show that Sx, U Zy = Zj. According to
the definitions of Sx, and Z,, we note that Sx, N Zy = (.
By Lemma 6, if Z(Ui|UF""!, X}V) > 1 -2V we get
ZUL U > 1 - 2-N” and the difference between the
definitions of Sy, and Z} only lies on Z (U U~ X1N).
Observe that the union Sx, UZ> would remove the condition
on Z(U4|Us 1, X1*N), and accordingly we have Sx, UZ, =
4. Tt can be also found that the proportion of Z» goes to
I(X27Y|X1) as N — oo. ]

We summarize our main results in the following theorem:

Theorem 5: (Coding Theorem for Multilevel Polar Codes):
Consider a polar code with the following encoding and decod-
ing strategies for the channel of the second level W5 with
the channel transition probability Py |x, x, (y|72,21) shown
in (13).

 Encoding: Before sending the codeword zi%V =

uy NGy, the index set [N] are divided into three parts:
the frozen set F», information set Z», and shaping set
So according to (20). The encoder first places uniformly
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distributed information bits in Z,. Then the frozen set
Fo is filled with a uniform random sequence which are
shared between the encoder and the decoder. The bits in
S, are generated by a mapping ¢s, = {¢; }ics, form a
family of randomized mappings ®s,, which yields the
following distribution:

0 with probability PUéglel:i—l XN

Uy =
2 1 with probability PUéglel:i—l XN
X (L|ugy ™™t ab ).

o Decoding: The decoder receives y'*~ and estimates 43"

based on the previously recovered 2}V according to the
rule

if 1 € Fo
if 1 € Sy

uj,
¢i (ﬂ%:z_l)a

arginaxP Uit X BN YN

oPN BNy if i€ To.

~1

Uy =

x (ultg ™!,
With the above encoding and decoding, the message rate can
be arbitrarily close to I(Y; X5|X;) and the expectation of
the decoding error probability over the randomized mappings
satisfies g [PYC (¢s,)] = 02N ) forany 0 < ' < 8 <
0.5, where [ is used to choose the frozen set, the information
set, and the shaping set as in (20).

Note that probability Fy; ;j1i-1 x1.v y1.x can be calculated
by (18) efficiently, treating V and X 1 (already decoded by
the SC decoder at level 1) as the outputs of the asymmetric
channel. Again, there exist§ a deterministic mapping ¢s, such
that PS¢ (gs,) = O(27N").

Obviously, Theorem 5 can be generalized to the construction
of a polar code for the channel of the ¢-th level Wy. The
only difference is that the side information changes from
XN o XN . As a result, we can construct a polar code
which achieves a rate arbitrarily close to I(Y; X¢|X;.,) with
vanishing error probability.

D. Achieving Channel Capacity

So far, we have constructed polar codes to achieve the
capacity of the induced asymmetric channels for all levels.
Since the sum capacity of the component channels nearly
equals the mutual information I(Y’; X'), and since we choose
a good constellation such that I(Y;X) ~ 1log(1 + SNR),
we have constructed a lattice code to achieve the capacity of
the Gaussian channel. We summarize the construction in the
following theorem:

Theorem 6: Choose a good constellation with negligible
flatness factor e, () as in [6, Th. 2], and construct a multilevel
polar code with » = O(loglog N) as above. Then, for any
SNR, the message rate approaches + log(1 + SNR), while the

2
error probability under multistage SC decoding is bounded by

PS¢ — 0@ "), 0<pg <05 23)

as N — oo.
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Remark 4: 1t is simple to generate a transmitted codeword
of the proposed scheme. For n =1, let

T
X=2 271w+ Y ujgi+ Y uiei -
(=1

i€T, i€S, i€Fe

The transmitted codeword x is drawn from Darzn i, 0.
From the proof of Lemma 5, we know that the probability
of choosing a point outside of the interval [—2"71 2771 is
negligible if r is sufficiently large, which implies there exists
only one point in this interval with probability close to 1.
Therefore, one may simply transmit z = x mod 2", where
the modulo operation is applied component-wise with range
(_27"—1, 21"—1].

Next, we show that such a multilevel polar coding scheme
is equivalent to Gaussian shaping over a coset L + ¢’ of a
polar lattice L for some translate ¢’. In fact, the polar lattice
L is exactly constructed from the corresponding symmetrized
channels W,. Recall that the /-th channel W, is a BMA chan-
nel with the input distribution Px,x,, , (1 < < 7). Itis
clear that Px, ,(21.¢) = fo.(Ae(21:0))/ fo.(A). By Lemma 7
and (13), the transition probability of the symmetrized channel
Wy is

(24)

Py, (Y, T1:0-1, 00 © To)| )

- PY,Xl:/, (ya xl:é)

= Px,,(z1.0) Pyix, x1.,, (Y|Te, 1:0-1)

>

o () L
2(02+02) ) fo,(A) 200, seATons)

oy — af?
X exp <_T .

Note that the difference between the asymmetric channel (13)
and symmetrized channel (25) is the a priori probability
Px,,(x10) = [fo.(Ae(x120))/f5.(A). Comparing with the
Ay—1/Ay channel (10), we see that the symmetrized channel
(25) is equivalent to a Ay_1/A, channel, since the common
terms in front of the sum will be completely cancelled out
in the calculation of the likelihood ratio.> We summarize the
foregoing analysis in the following lemma:

Lemma 10: (Equivalence Lemma): Consider a multilevel
lattice code constructed from constellation Dj , for a
Gaussian channel with noise variance 0. The /-th symmetric
channel Wg (1 < ¢ <r) which is derived from the asymmet-
ric channel Wy is equivalent to the MMSE-scaled Ay—1 /Ay
channel with noise variance &2.

Thus, the resultant polar codes for the symmetrized channels
are nested, and the polar lattice is AWGN-good for noise
variance &2; also, the multistage decoding is performed on
the MMSE-scaled signal ay (cf. Lemma 8). Since the frozen
sets of the polar codes are filled with random bits (rather
than all zeros), we actually obtain a coset L + ¢’ of the
polar lattice, where the shift ¢’ accounts for the effects of
all random frozen bits. Finally, since we start from Dy ,_,
we would obtain Dy~ ,  without coding; since L + ¢’ C AN

(25)

2Even if y € R™ in (25), the sum over Ay(x1.0) is Ap-periodic. Hence,
the likelihood ratio will be the same if one takes ¥y = y mod Ay and
uses (10)
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Fig. 6. Channel capacity for partition chain Z/27Z/ - - - /2"Z. The

discrete BMS approximation uses the quantization-merging algorithm with
64 quantization levels.

by construction, we obtain a discrete Gaussian distribution
Drye o, over L+¢.

Remark 5: This analysis shows that our proposed scheme is
an explicit construction of lattice Gaussian coding introduced
in [6], which applies Gaussian shaping to an AWGN-good
lattice (or its coset). Note that the condition of negligible
€a(d) in Theorem 6 implies negligible capacity C(A,52) of
the top lattice in the construction of the AWGN-good lattice
in Section III. Again, it is always possible to scale down
the top lattice A such that e (&) becomes negligible. Thus,
Theorem 6 holds for any SNR, meaning that we have removed
the condition SNR > e required by [6, Th. 3]. Moreover,
if a good constellation of the form Dj_.,, for some shift
c is used in practice (e.g., a constellation taking values in
{#1,43,...}), the proposed construction holds verbatim.

V. DESIGN EXAMPLES

In this section, we give design examples of polar lattices
with and without the power constraint. The design follows
the equal-error-probability rule. Multistage SC decoding is
applied. Since the complexity of SC decoding is O(N log N),
the overall decoding complexity is O(rN log N).

A. Design Examples Without Power Constraint

Consider the one-dimensional lattice partition Z/2Z/ - - -
/2" 7. To construct a multilevel lattice, one needs to determine
the number of levels of lattice partitions and the actual rates
according to the the target error probability for a given noise
variance. By the guidelines given in Section III, the effective
levels are those which can achieve the target error probability
with an actual rate not too close to either O or 1. Therefore,
one can determine the number of effective levels with the
help of capacity curves in Fig. 6. For example, for the given
noise variance indicated by the straight line in Fig. 6, one
may choose partition Z/27Z/4Z, i.e., r = 2, which was indeed
suggested in [17].

100( T T
—#— LDPC Lattice-1000
—©— Polar Lattice-1024
—<— LDA-1000
10k 4
2
2
3102 3
<
o
S
m
< 10°%¢ E
[8}
o
o
104k 4
10° : -
0 0.5 1 1.5 2 25 3 3.5
VNR/27e (dB)
Fig. 7. Performance comparison of lattices at dimension around 1000.

Now, we give an example for length N = 1024 and target
error probability P.(L,o?) = 1075. We note that the calcula-
tion of C(A/A’,0?) and P.(A,0?) can be simplified by the
scaling property of the partition channels as shown in the proof
of Lemma 3. For the one-dimensional partition chain, we have
C(4Z/8Z,0%) = C(2L/AZ,(5)*) = C(Z/2Z,(%)?), and
P.(4Z,0%) = P.(2Z,(%)*) = P.(Z,(%)?). Let 01 = o,
o9 = 0/2 and o3 = o/4 be the equivalent Gaussian noise
deviation at the ¢’s level with respect to the 1st one.

Since the bottom level is a Z lattice decoder, o5 ~ 0.0845
for target error probability % -1075. For the middle level, op =
2 - 03 = 0.1690. From Fig. 6, the channel capacity of the
middle level is C(Z/27Z,03) = C(2Z/47Z,0%) = 0.9874. For
the top level, ¢ = o1 = 0.3380 and the capacity is 0.5145.
Our goal is to find two polar codes approaching the respective
capacities at block error probabilities < % 1075 over these
binary-input mod-2 channels.

For N = 1024, we found the first polar code with rate
% = 0.23 for P.(C1,0%}) ~ % -107?, and the second polar
code with rate £2 = 0.9 for P.(C2,0%) ~ 1-107°. Recall that
the channel in the first level is degraded with respect to the
one at the second level according to Lemma 3, and the two
polar codes in this construction turn out to be nested. Thus,
the sum rate of component polar codes Rc = 0.23 + 0.9,
implying a capacity loss €3 = 0.3719. Meanwhile, the factor
€1 = C(Z,0.3380%) = 0.0160. Therefore, the rate losses
at each level are 0.016, 0.285, and 0.087. From (8), the
logarithmic VNR is given by

log (”—@) < 2(e; +e3) = 0.7758, (26)
27e
which is 2.34 dB. It is seen from Fig. 7 that the estimate
2.34 dB is very close to the actual gap at P.(L,o%) ~ 1075.
This simulation indicates that the gap to the Poltyrev capacity
is largely due to the capacity losses of component codes.

Performance comparison of competing lattices approaching
the Poltyrev capacity is presented in Fig. 7, at dimension
around 1000. The polar lattice used here is constructed from

Authorized licensed use limited to: Texas A M University. Downloaded on February 28,2020 at 13:22:49 UTC from IEEE Xplore. Restrictions apply.



926

35

= = =AWGN Capacity

3F| ——1V:X)

——I(YXX)

0
n

XX, )

L[ —=—rrxx, )

[

- I(V:X X, )

—_
D

Mutual Information

—_

5 10
SNR (dB)

Fig. 8. Channel capacity for each level as a function of SNR.

the aforementioned one-dimensional lattice partition (N
1024, n = 1). The simulation curves of other lattices are taken
from their corresponding papers. Among the three types of
lattices compared, the LDPC lattice [12] has the weakest per-
formance. The LDA lattice [13] has better performance than
the polar lattice, at the expense of higher decoding complexity
O(p*>N log N) if p-ary LDPC codes are employed. Assum-
ing p ~ 2", it would require complexity O(22"N log N),
compared to O(rN log N) of the polar lattice. The LDLC
lattice is not included in this comparison because of lack
of block error probabilities in [14]. In contrast to the polar
lattice and LDA lattice, analytic results of the LDLC are not
available; therefore, they are less understood in theory. It is
worth pointing out that the plain polar codes used in polar
lattice can be optimized in several aspects: for example, to use
a better kernel, list decoding, or even a soft-output decoding
algorithm. We leave such improvements of polar lattices to
future work.

B. Design Examples With Power Constraint

To satisfy the power constraint, we use discrete lat-
tice distribution Dz ,, for shaping. The mutual information
I(Y; X¢|X1.0—1) at each level for different SNRs is shown
in Figure 8. We can see that for partition Z/2Z/ . . ., five levels
are enough to achieve the AWGN channel capacity for SNR
ranging from —5 dB to 20 dB. Note that the actual number
of required levels depends on the SNR: a smaller number of
levels are enough for low SNRs, while a larger number of
levels is required for high SNRs (to support higher rates).

For each level, we estimate a lower bound on the code
rate for block error probability 1 x 10~°. This is done by
calculating an upper bound on the block error probability
of the polar code, using the Bhattacharyya parameter. With
this target error probability, the assignments of bits to the
information, shaping and frozen sets on different levels are
shown in Figure 9 for SNR = 15 dB and N = 26, In fact,
X1 and X, are nearly uniform such that there is no need for
shaping on the first two levels (these levels actually correspond
to the AWGN-good lattice). The third level channel is very

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 67, NO. 2, FEBRUARY 2019
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clean, and most bits are information bits. In contrast, the fifth
level is mostly for shaping; since its message rate is already
small, adding another level clearly would not contribute to
the overall rate of the lattice code. Finally, lower bounds
on the rates achieved by polar lattices with various block
lengths are shown in Figure 10. We note that the gap to the
channel capacity diminishes as N increases, and it is only
about 0.1 bits/dimension when N = 220,

VI. CONCLUSIONS

In this paper, we have constructed polar lattices to approach
the capacity of the power-constrained Gaussian channel. The
construction is based on a combination of channel polarization
and source polarization. Without shaping, the constructed
polar lattices are AWGN-good. The Gaussian shaping on a
polar lattice deals with the power constraint but is technically
more involved. Our shaping approach is different from the
standard Voronoi shaping which involves a quantization-good
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lattice [5]. The proposed Gaussian shaping does not require
such a quantization-good lattice any more. The overall scheme
is explicit and efficient, featuring quasi-linear complexity.

APPENDIX A
PROOF OF LEMMA 2

Proof: For this purpose, we assume A = aZ"™ and A’ =
bZ™ where a, b are scaling parameters to be estimated. We note
that for all partition chains in [17], this is always possible: if
the bottom lattice does not take the form of bZ™, one may
simply further extend the partition chain (which will lead to
an upper bound on 7).

We firstly note that the flatness factor € (o) can be made
arbitrarily small by scaling down the top lattice A. To see this,
we recall that e (0.) < [1+e€p,(0e)]"—1 [6, Lemma 3] where
Ao = aZ for the afore-mentioned scaling factor a.

Let Aj; = 17 be the dual lattice of Ag. By [18, Corollary 1],
we have

€ro(0) = Oy (2m0?) — 1

= ) exp(—2n%0?A?) -1
NEAS
2 ) exp(—2r202|AP)
AelN
2exp(—27%0? L)
= 1 —exp(—2n2023)

1
< 4exp(—27r202—2) for sufficiently small a. (27)
a

Therefore, letting £ = /5, we have e5,(0) = O(e™V)
and hence €, (o) = O(e™ ) for fixed n.

Secondly, by the union bound, the error probability of the
bottom lattice A" is upper-bounded by

b2

P.(N,0%) <nQ (£> < ne 82
20

where we apply the Chernoff bound on the Q-function. We
can obtain

P.(A,0%) =0(e™)

by choosing b = V802 N for fixed n.
For a binary lattice partition, we have (b/a)™ = 2". Thus,
we conclude that

r = nlog (Z) =nlog <%N> <nlog N = O(log N).

O

APPENDIX B
PROOF OF LEMMA 3

Proof: By the self-similarity of the lattice partition chain,
we can scale a Ay_1/A, channel to a Ay/As41 channel by
multiplying the output of a Ay—1 /A, channel with T'. Since
T = aV for some scaling factor o > 1 and orthogonal matrix
V', the Gaussian noise for each dimension is still indepen-
dent of each other and the noise variance per dimension is
increased after the scaling. Therefore, a Ay_1/A¢ channel is

stochastically equivalent to a Ay/Asq1 channel with a larger
noise variance. For our design examples, a Z/2Z channel
with Gaussian noise variance o2 is equivalent to a 27/47
channel with Gaussian noise variance 402, and a Z>2 / R7?
channel with noise variance 0% per dimension is equivalent to
a RZ? /272 channel with noise variance 202 per dimension.
Proof is completed by observing that a Ay/A,11 channel with
noise variance o3 is degraded with respect to a Ay/Asyq
channel with noise variance o7 if 0% < o2. O
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