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Optimized Unequal Error Protection Using
Multiplexed Hierarchical Modulation

Seok-Ho Chang, Member, IEEE, Minjoong Rim, Pamela C. Cosman, Fellow, IEEE, and
Laurence B. Milstein, Fellow, IEEE

Abstract—With progressive image or scalable video encoders,
as more bits are received, the source can be reconstructed with
progressively better quality. These progressive codes have gradual
differences of importance in their bitstreams, which necessitates
multiple levels of unequal error protection (UEP). One practical
method of achieving UEP is based on a constellation of nonuni-
formly spaced signal points, or hierarchical constellations. How-
ever, hierarchical modulation can achieve only a limited number
of UEP levels for a given constellation size. Though hierarchical
modulation has been intensively studied for digital broadcasting or
multimedia transmission, most work has considered only two lay-
ered source coding, and methods of achieving a large number of
UEP levels for progressive transmission have rarely been studied.
In this paper, we propose a multilevel UEP system using multi-
plexed hierarchical quadrature amplitude modulation (QAM). We
show that multiple levels of UEP are achieved by the proposed
multiplexing method. When the BER is dominated by the min-
imum Euclidian distance, we derive an optimal multiplexing ap-
proach which minimizes both the average and peak powers. We
next propose an asymmetric hierarchical QAM which reduces the
peak-to-average power ratio (PAPR) of the proposed UEP system
without any performance loss. Numerical results show that the per-
formance of progressive transmission over Rayleigh fading chan-
nels is significantly enhanced by the proposed methods.

Index Terms—Cross-layer, hierarchical modulation, multimedia
communications, progressive image, scalable video, unequal error
protection, wireless video.

I. INTRODUCTION

HEN a communication system transmits messages over
mobile radio channels, they are subject to errors, in part
because mobile channels typically exhibit time-variant channel-
quality fluctuations. For two-way communication links, these
effects can be mitigated using adaptive methods [1]-[3]. How-
ever, the adaptive schemes require a reliable feedback link from
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the receiver to the transmitter. Moreover, for a one-way broad-
cast system, those schemes are not appropriate because of the
nature of broadcasting. When adaptive schemes cannot be used,
the way to ensure communications is to classify the data into
multiple classes with unequal error protection (UEP). The most
important class should be recovered by the receiver even under
poor receiving conditions. Hence, strong error protection is used
for the important data all of the time, even though sometimes
there is no need for it. Less important data is always protected
less even though sometimes it cannot be recovered successfully.

Theoretical investigation of efficient communication from a
single source to multiple receivers established the fundamental
idea that optimal broadcast transmission could be achieved by
a superposition or hierarchical transmission scheme [4]-[6].
Since the theoretical and conceptual basis for UEP was ini-
tiated by Cover [4], much of the work has shown that one
practical method of achieving UEP is based on a constellation
of nonuniformly spaced signal points [7]-[10], which is called
a hierarchical, embedded, or multi-resolution constellation.
In this constellation, more important bits in a symbol have
larger minimum Euclidian distance than less important bits.
Hierarchical constellations were previously considered in
[11], and intensively studied for digital broadcasting systems
[71, [9], [10]. Ramchandran et al. [7] designed an overall
multi-resolution digital HDTV broadcast system using hierar-
chical modulation under a joint source-channel coding (JSCC)
framework. Calderbank and Seshadri [9] considered the use of
hierarchical quadrature amplitude modulation (QAM) as the
adaptive constellations for digital video broadcasting. More-
over, the Digital Video Broadcasting (DVB-T) standard [12],
which is now commercially available, incorporated hierarchical
QAM for layered video data transmission, since it provides
enhanced system-level capacity and coverage in a wireless en-
vironment [13], [14]. Pursley and Shea [15], [16] also proposed
communication systems based on hierarchical modulation
which support multimedia transmission by simultaneously
delivering different types of traffic, each with its own required
quality of service.

Another well known and obvious method to achieve UEP
is based on channel coding: more powerful error-correction
coding is applied to a more important data class. Block codes
for providing UEP were studied by Masnick and Wolf [17],
and Suda and Miki [18]. The use of rate-compatible punctured
convolutional (RCPC) codes to achieve UEP was suggested by
Cox et al. [19]. These UEP methods based on error-correction
coding have been widely used for layered video or image
transmission [20]-[23]. Sometimes, UEP approaches based
on hierarchical modulation and error-correction coding were

0018-9448/$26.00 © 2012 IEEE
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Fig. 1. Hierarchical 16 QAM constellation.

jointly employed in a system [8], [9], [12], [15], [23]. For
example, in the DVB-T standard [12], two different layers of
video data are channel encoded with corresponding coding
rates, and then they are mapped to hierarchical 16 or 64
QAM constellation. Pei and Modestino [23] showed that when
error-correction coding approach for UEP and hierarchical
modulation are jointly used, more efficient and flexible UEP
is achieved. Hierarchical modulation has other desirable prop-
erties in addition to performance considerations. The amount
of UEP can be adjusted in a continuous manner by modifying
the spacing between signal points of the constellation [8], and
different levels of protection are achieved without an increase
in bandwidth compared to channel coding [24].

Progressive image or scalable video encoders [25]-[30],
which are expected to have more prominence in the future,
employ a mode of transmission such that as more bits are
received, the source can be reconstructed with better quality at
the receiver. In other words, the decoder can use each additional
received bit to improve the quality of the previously recon-
structed images. Since these progressive transmissions have
gradual differences of importance in their bitstreams, multiple
levels of error protection are required. However, unlike channel
coding for UEP, hierarchical modulation can achieve only a
limited number of UEP levels for a given constellation size.
For example, hierarchical 16 QAM provides two levels of UEP,
and hierarchical 64 QAM yields at most three levels [31]. In
the DVB-T standard, video data encoded by MPEG-2 consists
of two different layers, and thus the use of hierarchical 16 or
64 QAM meets the required number of UEP levels. However,
if scalable video is to be incorporated in a digital video broad-
casting system, hierarchical 16 or 64 QAM may not meet the
system needs. Most of the work about hierarchical modulation
up to now has been restricted to consideration of two layered
source coding, and methods of achieving a large number of
levels of UEP for progressive mode of transmission have rarely
been studied.
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In this paper, we propose a multilevel UEP system using mul-
tiplexed hierarchical modulation for progressive transmission
over mobile radio channels. We propose a way of multiplexing
hierarchical QAM constellations, and show that arbitrarily large
number of UEP levels are achieved by the proposed method.
These results are presented in Section II. When the BER is
dominated by the minimum Euclidian distance, we derive an
optimal multiplexing approach which minimizes both the av-
erage and peak powers, which is presented in Section III. While
the suggested methods achieve multilevel UEP, the PAPR typi-
cally will be increased when constellations having distinct min-
imum distances are time-multiplexed. To mitigate this effect,
an asymmetric hierarchical QAM constellation, which reduces
the PAPR without performance loss, is designed in Section IV.
In Section V, we consider the case where multiplexed constel-
lations need to have constant power, either due to the limited
capability of a power amplifier, or for the ease of cochannel in-
terference control. In Section VI, the performance of the sug-
gested UEP system for the transmission of progressive images
is analyzed in terms of the expected distortion, and Section VII
presents numerical results of performance analysis.

II. MULTILEVEL UEP BASED ON MULTIPLEXING
HIERARCHICAL QAM CONSTELLATIONS

A. Hierarchical 16 QAM Constellation

First, we analyze hierarchical 16 QAM as a special case.
Fig. 1 shows a hierarchical 16 QAM constellation with Gray
coded bit mapping [12]. The 16 signal points are divided into
four clusters and each cluster consists of four signal points.
The two most significant bits (MSBs), 7; and ¢;, determine one
of the four clusters, and their minimum Euclidian distance is
dps. The two least significant bits (LSBs), i2 and g2, determine
which of the four signal points within the cluster is chosen,
and their minimum Euclidian distance is d,. The distance ratio
a = dp/dg (> 1) determines how much more the MSBs
are protected against errors than are the LSBs. Hierarchical 16
QAM has one embedded QPSK subconstellation consisting of
four clusters, and thus is denoted by 4/16 QAM.

We consider multiplexing /N hierarchical 16 QAM constella-
tions, all of which have distinct minimum distances. The av-
erage power per symbol of all the multiplexed constellations
Savg 18 given by

1 N
Savg = N Z Savg,i (D
=1

where S,y i is the average power per symbol of constellation ¢.
For hierarchical 16 QAM, S, ; is given by

d ; 2 d i 2 d2 :
Savg,i:< A, > +< A, +dL,z'> = +daridp i +d7
2 2 2 ’
(2)

where djs,; and dr, ; are minimum distances for the MSBs and
LSBs of constellation i, respectively. The BERs of the MSBs
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Fig. 2. Multilevel UEP system using multiplexed hierarchical 16 QAM constellations. (a) The system based on Corollary 2: dashed lines. (b) The system based
on Corollary 9: dotted lines (note that solid lines are for both Corollaries 2 and 9).

and LSBs of hierarchical 16 QAM constellation ¢, denoted by
Py and P, ;, respectively, are given by [31]

1 (dus [ 27s 1 dari 25
Pus= 2+ : Lo (fsa,,)
i =50\ 55, ) T\ e Ty s
dL ) 2’}/5 1 dLL 2’Ys
P, i = — (d i - )
b Q( 2 \/Sug) T @\ \dari + =5 Save
1 3dr; 295
- = dari - ) 3
2Q ( M+ 5 See (3)

where Sayg is given by (1) and (2), 7, is the signal-to-noise ratio
(SNR) per symbol, and Q(z) = 1/v2m [° e~V 2y,

The following theorem states that 2N levels of UEP can be
achieved by multiplexing N hierarchical 16 QAM constella-
tions.

Theorem I: For N hierarchical 16 QAM constellations, Py ;
and Pr ;, given by (3), satisfy

Pyg <Puz < - <Pun<Ppi<Prs<---<Pyn
“)
for all SNR if

d]\/[71 > dM72 > > dM,N > dL71 > dL72 > > dL,N-
(%)

Proof: We will first show that, for 1 <,7 < N
PM,i < PLJ' if dMﬂ' > dLJ'. (6)

Since @(x) is a monotonically decreasing function, from (3),
we have

Py < Q @)
If dar; > dr j, from (3) and (7), we have
dr.i | 2vs
Py < Q —L.g i < Pr ;. ®)
2 Sa\'g

We next show that, for dys1 > dpra > ---
dra > dro > - > dp N,

> d]\[7N and

Py < Py <--- < Pyn. 9)

Consider two constellations ¢ and ¢ + 1 among N hierarchical
constellations (1 < ¢ < N — 1). From (3), we have Pyr; <
Puriv1 if dari > daripr and dp; > dp g

Lastly, we show that for dasn > dares > --- > dar,n and
dra > dpo > - > dp N,

PL71<PL72<"'<PL7N. (10)
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Fig. 3. Hierarchical 64 QAM constellation.

We define a function f(z,y) as
oM +lo(zrt) 1L 3y
f(xyy)—Q(g)JrgQ(Hz)—ZQ(%L 2>. (an

f(z,y) is a monotonically decreasing function of z > 0 and
y > 0, since

8f(~"7;?/)_ -1 —1(=+1)? —1(at32)?
O _zx/ﬂ[e‘u)_e 437 <o,
Of(x,y) _

[e%(%)z — eié(mii»BTy)Z

s {e—%<r+%>2_e—%<r+%f}} <0. (12)
From (3) and (11), it is seen that Pr; =
f (dM,m/sz/Savg, driv/ 275/Savg). Hence, from (12),
we have
Pri < Prit1 if das > darigr and dp i > dpigr.
(13)
Finally, (4) and (5) are derived from (6), (9) and (10). O

Theorem 1 tells us that 2N levels of UEP are achieved by
multiplexing N hierarchical 16 QAM constellations having the
minimum distances satisfying (5).

Corollary 2: Suppose that there are 2N unequally important
data classes to be transmitted, and class ¢ is more important than
classz+ 1 for 1 < ¢ < 2N — 1. Let P; denote the BER of data
class 7. Then,

Pi<Py<: - < Py (14)
is satisfied for all SNR if the following conditions hold:
i) Class 7 and class N +-¢ are mapped to the MSBs and LSBs
of constellation 4, respectively, (1 < i < N).
i) The minimum Euclidian distances of the constellations
satisfy (5).
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Proof: 1f 1) is satisfied, P; is given by
PL' = P]\[,i and PN+’i = PLﬂ; (1 S 7 S N) (15)
If ii) is satisfied, we have Pyr1 < Py < -+ < Py,n <
Pr, < Pro <---< Py from Theorem 1. O

Fig. 2(a) depicts the multilevel UEP system using multiplexed
hierarchical 16 QAM constellations based on Corollary 2 for
eight data classes (N = 4).

B. Hierarchical 2°% (K > 3) QAM Constellation

Next, we consider multiplexing hierarchical 225 (K > 3)
QAM constellations. As an example, Fig. 3 depicts a hierar-
chical 64 QAM constellation (K = 3). The two MSBs z; and
@1 determine the quadrant of the first cluster, and their minimum
Euclidian distance is d ;1. The second two MSBs i and g5 de-
termine the quadrant within the first cluster, and their minimum
distance is d ;2. Lastly, the third two MSBs (or LSBs) i3 and g3
determine the symbol within the second cluster, and their min-
imum distance is d 3. Hierarchical 64 QAM has two embedded
subconstellations, and thus is denoted by 4/16/64 QAM. The hi-
erarchical 64 QAM operates as QPSK when channel conditions
are poor, and it operates as 16 or 64 QAM when channel quality
gets better. The BER of hierarchical 22K QAM, Py, , is given
by a recursive expression in [31].

In the following lemma, the BERSs of hierarchical 92K QAM
are derived under some assumption based on the fact that for hi-
erarchical constellations, minimum distance for more important
bits is greater than that for less important bits.

Lemma 3: Let dys, denote the minimum distance for the
nth MSBs (1 < n < K). Note that the distance ratio of
the hierarchical constellation, dys, , /dar, , is greater than unity
(2 < n < K). If the SNR of interest for the nth MSBs is suf-
ficiently large so that the probability of the noise exceeding the
Euclidian distance of dps,, , + %d M,, 1s insignificant compared
to that of the noise exceeding %d w,, > the BER of the nth MSBs
(2 < n < K), Py, , becomes

papp _

)
oK—n_1 dur,, K p+21(—q
Zp:(] oK —m Q( ( p) + E qg=n+1 9K —q+1 dMq

27
X1/ Bova

for2<n<K-1

dn duy
Q( 21( \/?’1’;) =+ %Q( (dZMK71 + TK) 5’2;‘_’\:;>

\ forn = K

(16)

where |z]| denotes the largest integer less than or equal to z,
and Savg = Ele fo:“ tuvdrr, dpg, is the average power of
a hierarchical 22K QAM, where the 1,,,, are constants. Note that
for the MSBs (i.e., n = 1), the top line of (16) is the exact BER
expression when 7 is set to unity (i.e., Pyy” = Pr,).

Proof: See Appendix A. O

Pyp* is numerically evaluated for hierarchical 64 and 256
QAM in Appendix B as an example. For both constellations,
PyiP (2 < n < K) is shown to be close to the exact BER
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within 0.001 dB for BER < 0.1 even at the lower bound of the
distance ratio (i.e., dpr,_, /dar, = 1). Note that for reference,
the distance ratio of hierarchial 16 and 64 QAM in the DVB-T
standard [12] is 2 or 4.

For N multiplexed hierarchical 22X QAM constellations, the
average power per symbol of constellation ¢ is given by

K K
Savg,izg E Muvdar, idar, i

u=1lv=u

a7)

where dar, ; (1 < n < K) is the minimum distance for the nth
MSBs of constellation z (1 < ¢ < N), and the j,,,, are constants.
When the condition of Lemma 3 is satisfied, from (1), (16), and
(17), the BER of the nth MSBs (2 < n < K) of a hierarchical
22K QAM constellation 4, Py, 5, becomes

app _
My,,i —
( K—
2K—m_1 4 Ay i K p+28a
szo 2K—,,Q< (—2 + Zq:n+1 [2[(7(14»1 dMq,i,
X ] B

Sove
for 2<n<K-1

dnr, i Dt
o2 )+ 0 (e 252)
\ for n = K.

27
Savg

(18)

Note that the top line of (18) is the exact BER expression when
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Proof: We will first show that, for 1 <i,7 < N
app app app app app app
Poari < Prpyjs Papyi < Pargje - Pare_y i < Par
it dar i > dagy gy dagy i > digg gy darge i > dar -
(21

From (18), Py;”; (1 <n < K — 2) can be expressed as shown
in (22), shown at the bottom of the page. Equation (22) can be
rewritten as (23), shown at the bottom of the page. From (23),
since r + 257971 and 2K~ are integers for ¢ < K — 1, we
have

r4+2 14 2K-a1 r 4 2K-a-1
e = SK=a forg < K —1.
) (24)
From (23), for ¢ = K, we have
2K—q—1 2—1 2K—q—1
i (25)

From (24) and (25), (23) can be rewritten as shown in (26) at the
bottom of the next page. Setting t = ¢+ 1, Py;”, (1 < n <
K — 2), given by (26), can be expressed as (27), shown at the
bottom of the next page. From (18), Py” (1 <n < K -2)
can be rewritten as (28), shown at the bottom of the next page.
From (27) and (28), for 1 < n < K — 2, we have

app app s X . ) .
Pyt i < Papyy i W dar, i > dar, gy dar, i > dar, s

ey dy i > dyre i 29
n is set to unity (i.e., Pyr”; = Pay, i). Mxc—1, Mg (29)
app  :o o
Theorem 4: For N hierarchical 2** QAM constellations, From (18), Pyy,c_, ; is given by
P37, given by (18), satisfy pr EQ (dMKl,i 27, )
PPy <o < Pl < PRy <o < Pl < A N
< PP < < PP L (19) N EQ <dIWK_1,i v dy ) 27,
if dyyg>-->dy,, N >dapa > > dap,n > 2 2 et Save
> dMK,l > > dMK,N- 20) 30)
2[(7 71_1 K
1 dar. i 2r + 2K—q 25
app  _ ,
r=0 g=n+1 g
T d K 2r 41428 2y
M, i s
+ 0y 2AnQ(( ey { e JdMq,;) S—) (22)
r=0 g=n+1 avg
oK—mn—1_1 1 d K ’I"+2K_q_1 27
app  _ My i s
Paryi = Z 2K—nQ (( 2 Z { 2K —q J M, ) Sa\,g>
r=0 qg=n+1
oK—n—1_1 1 p e - o1 N oK —q-1 o
M, i s
+ Z K—nQ (( + Z \‘ K— J A"[qai> ) . (23)
r=0 2 2 g=n+1 2 1 Savg



CHANG et al.: OPTIMIZED UNEQUAL ERROR PROTECTION

From (18) and (30), we have
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at the bottom of the page, for m 1,...,K —n (ie., for

app app ) Tp41,---,Tx). From (18) and (33), itis seen that for 1 < n <
Py i <Pucy it duei>dueg G g
From (29) and (31), (21) is derived. papp _
We next show that Mpi ™
a a a a a 275 275 275
PPy <o < PrpPny Paply <o < PPy PRpl f <dJVI,,,,i“S—ydMnJr],i”S—a---7dMK,i”S—) :
app . avg avg avg
<-- < P/[K,N it dyy1 > >dyy Ny dapa > (35)
>dr,, Ny A > o > darge N (32)
F 34) and (35),for1 <n < K —1,weh
We define a function f(zy,, Znt1,...,2K) as rom (34) and (35), for 1 < n < we have
f($n7$n+17 . ZUK) = P]?/}anﬂ < P;\l/})vii'i‘l if d]\/lﬂ i> dMTHH'l’ d]\/I"Jrl’i
K—n_ >d1\/[n i 17...,d1\/[ ,i>dM itl- (36)
T .
2K-—n 0 9K—g+1 |79 From (18), for n = K, we have
p=0 g=n+1
(33)
The f(Zn,%n+t1,--.,2Zx) is a monotonically decreasing func- sz\lfp,f i < P;Rf,i+1 if darye i > daye i1 and
tion of x,, > 0,241 > 0,...,xx > 0, due to (34), shown dnrgei > Aprge it (37)
2K*" T K-1
dZU i T+ 2K a-1 275
app _ n, . )
Myn,i ™ 2K n << + Z { 2K —q d]\/jqﬂ + Td]uKﬂ Savg
r= O g=n+1
21{ n—1 —1 K—1
d]\[ K T+ 2K ¢-1 27@
r=0 g=n+1 avg
(26)
2K n—1 1
a r+28 27,
PZV})p 2K n << \‘ 9K —t+1 J d]\/[t_l,i + Td]\/[K,i) g
r= 0 +2 ave
i ==t K
1 dlt[n,z r+ K-t 275
+ Z 9K—n Q(( + Z \‘ QK —t+1 d]\/[t—lﬂ: + (T + 1)d1\/IK,i 5 .
t=n-+2 av,
(27)
2}(—71 1 1 K
app _ dl\/n+1 J n Z p+2K9 dus s 295
Myy1,3 — 2K n 2K q+1 Mg,j Savg
p=0 q=n+2
gK—n—1_; 1 dar. 4 2K 2
+1,] ) s
+ Z 9K - gE— @ (( T Z { 9K —q+1 JdMq,J> S > (28)
p=0 q=n+2 ave
K— 1 = +2K—q ’
8f(wmxn+17"'>xfﬂ) _ -1 ’ ' 1 _§<T+q;+1\~2Kq+lqu> <0
8xn 2\/ 2’/T p=0 2K7n
K— 1 = +2K—q ’
8f(37mxn+17"'>xf‘) -1 ’ - 1 _E<T+ 2 LKH]J%) p+2K—"—m <0 (34)
— _ e g=n+1
a$n+m 21 2K—n 2K -—n—m+1
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From (36) and (37), the following is derived:

app app app app app app
Py < Panvivts Panyi < Papyivrs - Pane i < Parye i1
if dary i > dary it Ay i > At i1y -+ Aae i > Anige i1

(38)

With: = 1,..., N — 1, (38) leads to (32). Finally, from (21)
and (32), (19) and (20) are derived. O

Theorem 4 tells us that, by multiplexing N hierarchical
22K (K > 3) QAM constellations having the minimum dis-
tances satisfying (20), KN levels of UEP are achieved under
the assumption that the SNR of interest for the nth MSBs
(2 £ n < K) is reasonably large so that the condition of
Lemma 3 is satisfied. We note that there are counter examples
showing that K N levels of UEP is not achieved for a very low
SNR, even when the minimum distances satisfy (20).

III. OPTIMAL MULTIPLEXING OF HIERARCHICAL
QAM CONSTELLATIONS FOR HIGH SNR

In this section, we define high SNR as an SNR which is suf-
ficiently large so that the BER is dominated by the Q)-function
term having the minimum Euclidian distance.

A. Hierarchical 2%’ /2*K (K > J > 1) QAM Constellation

Hierarchical 227 /22K QAM refers to a specific kind of hier-
archical constellations which provide two levels of UEP. Typ-
ical examples are hierarchical 4/16 QAM (i.e., hierarchical 16
QAM) and 4/64 QAM which are employed in DVB-T standard.
Similar to Section II, we first analyze a hierarchical 16 QAM as
a simple example. For high SNR, from (3), the BERs of a hier-
archical 16 QAM constellation i (1 < ¢ < N) are given by

1 dari | 27 dri | 27s
Py~ = — Pr, ~ = .
M, QQ( 2 \/ Suve and i~ Q| = Save
(39

Theorem 5: Suppose that there are N multiplexed hierar-
chical 16 QAM constellations, and the minimum distances satis-
fying (5) are given. Also suppose the given minimum distances
can be permuted such that dys1, ..., dy,n for the MSBs can
be arbitrarily combined with dy, 1, ..., dr n for the LSBs. After
the distances are permuted, the resultant minimumNdistanceg for
the MSBs and LSBs of constellation ¢, denoted by ds,; and dy, ;,
respectively, can be expressed as

dari =dy; and  dp ey =dp; (40)
where 7(7) is the index of the constellation to which dy ; is
permuted. Then, with the permuted distances given by (40), the
BERs of the data classes satisfy

Pi<Py<--< Py 41
for high SNR if class 4 and class N + ¢ are mapped to the MSBs

of constellation 7 and the LSBs of constellation (i), respec-
tively (1 < i < N).
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Proof: After distances are permuted, from (39), (40) and
the mapping condition below (41), the BERs of data classes are
given by

1 dari | 27 dri | 27
P~ = 2 d Pyo; =~ —
2Q < 2 Savg o A Q 2 Sa\’g

42)
for1 < ¢ < N. Since dyr,y > dr, from (5), and from
(42), we have Py < Pn41. Since dar; > dariq1 and dp ; >
dr,it+1 (1 <i < N —1) from (5), and from (42), we have

P; < Pi+1 and PN+z’ < PN+1+i (1 <2< N—l). 43)
Since Py < P41, and from (43), it follows that P; < --- <

PN<PN+1<"~<P2N. O

In contrast with Theorem 1 and Corollary 2, Theorem 5 tells
us that 2N levels of UEP are achieved for high SNR even after
the minimum distances satisfying (5) are arbitrarily permuted.

Corollary 6: From Theorem 5, when the minimum dis-
tances dar,1,...,dy,n and dg1,...,dr n are permuted for
high SNR, the BERs of the data classes, Pi,..., Py, are

’ ’

unchanged.
Proof: From (42), it is seen that P; (1 < ¢ < 2N) is not
dependent on the choice of 7 (). d

Theorem 7: After the distances are permuted as described in
Theorem 5, the average power of all the multiplexed hierarchical
16 QAM constellations, Sayg, given by

1 & 1 ZN i 5o
Saveg = 7 > Savgi = N < 2’1 +daidr +di;
i=1 1=1
(44)

is minimized if and only if distances are permuted such that das ;
is combined with dy, n41—; in the same constellation. That is

J]\[q = du,; and CZL,i =drnti—i (1<i<N). (45

Proof: We will prove the following by induction on the
number of hierarchical constellations: For given distances
dM,l > > dj\,LN and dL71 > > dL,N

N 2

dag i

IN= Z ( 1;[ +dumidp Ny1—i + d%_,NHi) (46)
i=1

is the minimum of fy = Y1, J%“/Z + daridp i + ci%1)

Consider two constellations (i.e., N = 2). For given ds,; >
dar,2 and dr 1 > df 2, the distances can be permuted such that
dar,1 is combined with either dy ; or dr ». The two possible
values of f, are given by

d? d?
fou1 = % +daadpy + d%; + % +dar2dr e + d%g
3, 3y
fou2 = T +daadpe + d%g + T + dM,zdL,1+d%71-
47)
The difference between f5 31 and f ;2 is given by
fog1 = foge = (dyy —duy2)(dpy —dp2) >0 (48)
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because dar,1 > da2 and dr i > dp 2. From (48), it is seen
that fs 45 is the minimum. For N = 2, fJ given by (46) is equal
to fa z0.

Suppose that (46) holds when there are [ constellations (i.e.,
N = [). In other words, for given dyr1 > --- > dar, and
dpa > - >dpy, ff = Ef‘,=1(d%\4,i/2 + daridr 41— +
d%’ i+1—;) is the minimum of f;. Consider / + 1 constellations
(i.e., N =14 1). For givendp;1 > -+ > dpr41 and dp 1 >

- > dr,141, we will prove that if f;; is minimized, das 1
should be combined with dz ;4; in the same constellation by
contradicting the following assumption: fi4; is minimized with
dar,1 and dg, ;41 not being combined. By the assumption, das,
and dy, ; (for some j in therange of 1 < j < [+1) are combined
in some specific constellation, and djy ;, and dr, ;41 (for some
k in the range of 1 < k < [ 4 1) are combined in another
constellation. The corresponding fi41, denoted by fi41 41, is
given by

d2
Jfiv101 = (% +dyradrp; + d%_j>

dz, .
+ ( Z;’k +dardr i1 + d%,l+1>

I+1 d%{ ) R R N

+ Zz <T + daridr, + d%,) (49)
itk

where the other minimum distances, except dar,1, dar k. Az, 5,

and dr, ;41, are arbitrarily combined. We modify f;11 41 such

that dps 1 and dr, ;1 are combined, and dj 1 and dr, ; are com-

bined. The modified fi;, is denoted by fry1 s0

d%u 1
frorpe = ( 5+ dadn i+ dg

d2, .
+ ( Zg"k +dakdr,j + d%,j>

+ HZI o +daridy,; + d2 (50)
: 2 MWL Ly | -
L;%

The difference between f1 41 and fi41 42 is given by

fiv1,81 — fig1,02 = (darn — darie)(drj — dpga) > 0 (51)

because dM,l > d]\[,k and dL,j > dL,l+1~ From (51), fl+1,t1’
given by (49), cannot be the minimum of f;41, and thus the
above assumption is false. We have thus showed that the largest
distance for the MSBs, djs,1 should be combined with the
smallest distance for the LSBs, dr ;41. The other minimum
distances, except das,1 and dr 41, are given by

d]u’2>dM,3 > > dM,l+1 and dL,1>dL,2 > > dL,l~
(52)

By the induction hypothesis, the following is the minimum for
2] distances given by (52):

&,
Z (% +dariv1dr v + d%,zﬂi) : (53)

1=1
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Thus, the minimum of f;14 is given by
A3,
2’ +duaradr i + d%,l+1
(B i1
T b darisad i+ d2 i
+ ; ( 9 + drri+1@r,41—i + L,z+1—L>
L (dy,
= < 2’L + daridri4o—i + d%,l+2_i> . 54
i=1

Setting N = [ + 1 in (46), we obtain f, | = Ziii(d?\uﬂ +
daridri42—i + d%,l”_i), and this is identical to (54). Hence,
(46) holds for N = [ + 1. O

Corollary 6 and Theorem 7 indicate that the average power
of all the multiplexed constellations is minimized by permuting
distances according to (45), while the BERs are unchanged for
high SNR.

Next, we consider the peak signal power of the multiplexed
hierarchical constellations. If we assume that all the hierarchical
constellations are time-multiplexed, the peak power of all the
multiplexed constellations, Spea, is given by

Speate = max [{ Spearif1 < i < N} (55)
where max[X | denotes the maximum element of the set X, and
Speak,i 1s the peak power of a hierarchical constellation 4. For
hierarchical 16 QAM, Spcak,i is given by

dni 2 d%/u 2
Speak,i = 2 5 +dr,) = 5 + 2dpridri + 2dL,i-
(56)
Theorem 8: After the distances are permuted as described in

Theorem 5, the peak power of all the multiplexed hierarchical
16 QAM constellations, Speak, given by

Speak = max [{Speak,i 1 < 1 < N}]

d%/[i 7 7 72 .
=max ?+2dﬂl,idL,i+2dL’i‘l <i<N
(57

is minimized if the distances are permuted according to (45) of
Theorem 7.

Proof: When (45) is satisfied, the corresponding Speak, de-
noted by Speak,¢1, is given by

s
Speak,f1 = max H 2"1 +2daridr Ny1—i

+ 2d%,N+1—i

lgiSN}

d3;
= —J\;’] + 2darjdr Ny1—j + 2d%,N+1—i (58)

for some j intherange of 1 < 5 < N. We will contradict the fol-
lowing assumption: When distances are permuted in some way
other than (45), the corresponding Speak, denoted by Speak 42, 1S
smaller than Speak #1. Let dr i, be the distance with which djy ;
is combined (for some k in the range of 1 < k& < N) when
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the distances are permuted in a different manner from (45). The
possible values of k£ can be classified into

1<k<N+1-j, k=N+1—j, N+1—j <k < N. (59)

i) For1 <k < N+1-7,Speak,s2 > Speak,s1- To see this,
note that

1
Speak,f2 > id?\[,j + 2dpr ;dr k + Zd%JC

1
> §d%47j + 2d]\/j7jdL7N+1_j + 2d%,N+1—j

— Opeak,fl (60)
where the strict inequality follows from dr, >
dL,N+1fj (since k < N +1—7).

ii) Fork =N +1 —Js Speak,tZ > Speak,il since Speak,ﬁZ >
53 +2dnjdr N1+ 247 N oq_j = Speak g1

iii) For N +1 -5 < k < N, Speak,s2 > Speak,g1. This
is proved as follows: Since djy ; is combined with dy, 1,
other distances {dp;;|1 < 7 < N, ¢ # j} should be
combined with {dy ;|1 <4 < N, i # k}. Note that

HdM.,i
o

where | X | denotes the cardinality of the set X, and the
equality of the second expression follows from N + 1 —
7 <k < N.Sincej —1 > 75— 2in (61), at least one
element of {das;|1 < i < j} should be combined with
one element of {dr, ;|1 < ¢ < N + 1 — j}. Suppose that
dpr,p is combined with dy, , forsome p € {1,...,j —1}
and g € {1,...,N + 1 — j}. Then, we have

1§z’<j}‘:j—1 and

N+1—j<i§N,i7£kH:j—2 ©61)

1
Speak,ﬁ2 > id?\/jvp + 2dprpdr,q + Qd%’q

1
> Ed?\[,j + 2dnr g, Np1—j + 2d] ng—;
(62)

— Opeak,fl
where the strict inequality follows from the fact that
darp > dyry and dp g > dp nvy1—; (since p < j and
g < N+1-)).

From i), ii), and iii), it is seen that there is no possible way
of permuting distances which makes Specak,s2 smaller than
Speak,¢1. Therefore, the assumption below (58) is false. O

Theorems 7 and 8 tell us that the permutation of the distances
that minimizes the average power of all the multiplexed hier-
archical constellations also, coincidentally, minimizes the peak
power. Note that from (5) and (45), these optimally permuted
distances satisfy

CZJ\VI,l>"'>d~M,N>JL,N>"'>d~L71- (63)

Corollary 9: When the distances are optimally permuted ac-
cording to (45) of Theorem 7, the BERs of the data classes sat-
isfy P; < P, < --- < Py for high SNR if class ¢ and class
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2N + 1 — 4 are mapped to the MSBs and LSBs of constellation
1, respectively (1 < ¢ < N).
Proof: The proof is similar to the proof of Corollary 2. [

Fig. 2(b) depicts the multilevel UEP system using multi-
plexed hierarchical 16 QAM constellations based on Corollary
9 for eight data classes (N = 4).

Next, we generalize to hierarchical 227 /22K (K > J > 1)
QAM constellations. Recall that dy, ; denotes the minimum
distance for the nth MSBs (1 < n < K) of a hierarchical
22K QAM constellation 4. Hierarchical 227 /225 QAM has two
distinct minimum Euclidian distances such that [31]

{dJWJ,i-, fOI'lSTI,SJ
dar, i =

d]\f[,<,i~/ forJ+1<n<K. (64)

The average power of a hierarchical 227 /22X QAM constella-
tion7 (1 <4 < N) can be expressed, from (17) and (64), as the
following:

J J J K
Savg,i = Z Z lfluvd%\/jhi + Z Z MuvdAIJ,idAIK,i

u=1v=u u=1v=J+1

K K
+ Z Zuuvd%\,jkvi-

u=J+1v=u

(65)

Lemma 10: For high SNR, the BERs of a hierarchical
227 /22K QAM constellation i (1 < i < N) are given by

1 Ay i 275
e (1 B

QK%Q(‘”% SQ:Zg) forJ+1<n<K
(66)

for1 <n<J
Pu, i =

where Sqyg is given by (1) and (65).
Proof: The BERs of a hierarchical 22 QAM constellation
i, Pfﬁpi (1 <n < K — 1), given by (18), can be rewritten as

67), shown at the bottom of the next page. From (67), we have

K| p2K-a K14 2K-a
Z \‘WJ d]\/[q,i Z Z \‘WJ d]\/[q,i
g=n+1 g=n+1
1420
21

\Y%

JdJMK,i:dMK,i (68)

where the first inequality follows from p > 1 in (67). From
(67) and (68), it is clear that the first ()-function term of (67)
is the only term having the minimum distance of dj, ; for the
nth MSBs (1 < n < K — 1). Also, for Pj;” ; (ie., n = K)
given by (18), it is clear that the first Q-functiorf term is the only
term having the minimum distance of djs, ;. From the condi-
tion of approximation described in Lemma 3, it follows that the
Q-function term having the minimum distance in Py7” ;, given
by (18), is the same as that in Py, ;, the exact BER. Therefore,
from (64) and (67), (66) is derived. O

From (66), the average BER for n = 1,... Jth MSBs of
constellation 7, denoted by (P, i)avg, is given by

ﬂ) )

J
1 dn, i
P, i)ave = —= P, P~ A It
(Patyi)ave = 5 n§—1 M., 7Q ( 2\ Sons
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where A; = 137 1/2K-" Likewise, the average BER
forn = J + 1,..., Kth MSBs of constellation ¢, denoted by

(Pary i)aves 1S given by
1 } dn 27s
K_J P ~A Kot [ s
o Mot AQ < Sa,\rg
(70)

n=J+1
where Ag = 45 S0 ;.1 1/2%~". Similar to the average
power given by (65), the peak power of a hierarchical 227 /22K
QAM constellation 7 (1 < i < N) can be expressed as

K K
Speak,i = E E Auvdar, idpr, i

(PAIK,i>avg

qu uJu E N
= Z Z Auwdis, i + Z Z Auwvdnr, idarg i
u=1lv=u u=1v=J+1
K
+ ZAuudMK ; 1)
u=J+1v=u

where the )\, are constants.

Theorem 11: Theorems 5, 7, and 8, and Corollaries 6 and 9
hold for hierarchical 227 /22X QAM when

i) dar; and dp ; are replaced by dys, ; and daz, 5, Tespec-
tively, and Py,; and Pr, ; are replaced by (Par, i) avg and
(Payc i) avg» respectively.

ii) Equation (2) and (56) are replaced by (65) and (71), re-
spectively.

Proof: From (69) and (70), Ay < Ak, since

J
1 1 1
A :j; oK—n < QK-J

1
oK—J—1°

Ap=—r 2
U S I I = (72)

n=J+1

Hence, Theorem 5 and Corollary 6 hold for hierarchical
227 22K QAM.
. J J J K

Since Zu:l Zv:u Huv, Zu:l Zv:J-{—l Huw and
Zf: T+l ZUK:U Huy Of (65) are coefficients, just as 1/2,
1, and 1 of (2) are coefficients, Theorem 7 holds for
hierarchical 227/22K QAM. Likewise, Y7_, S°7_ Ao,
Zi:l Zf:]—l—l Auv, and Zf:JH Zf:u Auy of (71) are
coefficients, just as 1/2, 2, and 2 of (56) are coefficients, and
thus Theorem 8 holds for hierarchical 227 /22X QAM. O

5825

it 0 0 1
i 0 1 1 0 1st cluster
2nd cluster
g1 Q2 /
S E— 3rd cluster
00 o o . O
/| | A,
[ / \ ‘ d;"?
0 1 [ ] [ ] ‘ / [ J [ J
- . “ | .
\ L 4,0
\ B i
| |
1 1 ° Y
1 0 [ ] \
AN
dy' o d

Fig. 4. Asymmetric hierarchical 16 QAM constellation.

IV. ASYMMETRIC HIERARCHICAL QAM CONSTELLATION

While the proposed methods provide a large number of levels
of UEP, the peak-to-average power ratio (PAPR) typically will
be increased when hierarchical constellations having distinct
minimum distances are time-multiplexed. To mitigate this ef-
fect, we design an asymmetric hierarchical QAM which reduces
the PAPR without performance loss. From here onwards, we
refer to conventional hierarchical QAM, which has been pre-
sented in Sections II and III, as symmetric hierarchical QAM,
in order to distinguish it from asymmetric hierarchical QAM.

A. Asymmetric Hierarchical 2°% (K > 2) QAM Constellation

For an asymmetric hierarchical 225 QAM, the minimum dis-
tances for the inphase and quadrature components are different
from each other. Similar to the previous sections, we first present
asymmetric hierarchical 16 QAM, depicted in Fig. 4, as a simple
example. The MSB #; for the inphase component determines
the first cluster, and its minimum distance is d}; ]\ [ . The MSB
q1 for the quadrature component determines the second cluster
within the first cluster that 7; determined, and its minimum dis-
tance is dﬁ’Q. The LSB i, for the inphase component deter-
mines the third cluster, and its minimum distance is d’g’l, and

2K

1 d X

a M, i

PMpnp,i = 2K—nQ (( + Z \‘QK q+1J dMq,i)
1

q=n
2K n__

g=n+1

+
du, i p+2K-e g 27s
+ Z 2K — nQ 2 + Z 2K q+1 Myt Savg
2

27s
Savg

1 dnr, i
_2K—nQ< 2

PR | 1 dn, K
200 "s e (B 3
ave p=1 q=

p+2K
2K q+1 dMq:i

n+1
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the LSB ¢ for the quadrature component determines the spe-
cific signal point within the third cluster, and has minimum dis-
tance d?’Q. Asymmetric hierarchical 16 QAM has three em-
bedded subconstellations, and it provides four levels of UEP if
dyt > dy® > dp" > dP?, which will be shown below in
Corollary 13.

In order to provide 2N levels of UEP, we consider multi-
plexing N/2 (N is assumed to be even) asymmetric hierarchical
16 QAM constellations instead of N symmetric hierarchical 16
QAM constellations. The average power per symbol of all the
multiplexed asymmetric constellations, S;‘{,g, is given by
1 N/2

A A
Swvs = N2 2 Savei (73)

where S4

avg,i
constellation 7. For asymmetric hierarchical 16 QAM, S
given by

is the average power per symbol of asymmetric
A s
avg,i

A _ AT A,Q
Savg,i - Savg,i + Savg,i
AT 2 AT 2
1 daj i daj i AT
2\ ) Tl
A,Q\ 2 A,Q 2
1 dyg; dag; A,Q
- : : dr 74
(B2 4 (52 sY) o
where 1 and $49 are the average powers per symbol for

the inphasg,and quadrgaiture components of asymmetric constel-
lation ¢, respectively, and dﬁl’li, deI s d}éf?, and d?’iQ are the
minimum distances for the inf)hase MSB and LSB, and quadra-
ture MSB and LSB, respectively. Note that the BERs of rectan-
gular QAM are derived from those of the corresponding PAMs
since the inphase and quadrature components are separated at
the demodulator [31], [33]. Let Pyy!, P/5F, P9, and P;°
denote the BERs for the inphase MSB and LSB, and quadfa-
ture MSB and LSB of asymmetric hierarchical constellation 2,
respectively (1 < ¢ < N/2). From (3), (73), and (74), they are
derived as (75), shown at the bottom of the page.

Theorem 12: Suppose there are N multiplexed symmetric
hierarchical 16 QAM constellations whose minimum distances
are givenby dar,1, ..., da,v and dy, 1, . .., dp, n. Also suppose

there are N /2 asymmetric hierarchical 16 QAM constellations,
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and the minimum distances for the inphase and quadrature com-
ponents of asymmetric hierarchical constellation ¢ are the same
as those of two distinct symmetric hierarchical constellations
x(4) and y(7), respectively (1 < ¢ < N/2). In other words

d;‘j{i = dar,2(i)s df{ =dr (i), d;‘jg = dar,y (i), and

dp? = diyw (1<i<N/2) (76)
where x(4) and y(7) satisfy
x(i),y(i) € {1,...,N} and
[ai) )1 <3 < NJj2) = (L. N} (7

With the minimum distances given by (76), the average power
and BERs of N/2 multiplexed asymmetric hierarchical 16
QAM constellations are the same as those of N multiplexed
symmetric hierarchical 16 QAM constellations, regardless of
the choice of x (%) and y(4) satisfying (77).

Proof: From (74) and (76), S7 _ . can be expressed as

avg,i
1 Y0 2
A _ ;
Sivei = 5 <<—2 +dp i
M,y (i)

2
YRT0)
)+ (P52
1 d 2 dM,y(’i) 2
() (o
1 1
= §Savg,m(i) + Esavg,y(i) (78)

where the second equality follows from (2). From (73) and (78),
S,.fvg is given by

N/2

>

i=1

A 1

1 1
avg = N/2 <§Savg,m(’i) + §Savg,y(i))

1 N/2
=~ > (Savg,w) + Savg,yo:))-
1=1

From (77), (79) can be rewritten as

(79)

N
1
Safvg = N E Savg,i = Savg (80)
=1

where the second equality follows from (1). We next compare
the BERs of asymmetric and symmetric constellations. From
(3), (75) and (76), we have

AT AT
ar 1 Mi | 27 1 dg; AT 27s
Pari =99 575z, ) T29 (27 T )\ sa
avg avg
AT AT AT
PAL di’i | 2y, + lQ pren dp; 2vs | lQ pren 3dp; 27s
L 2 \[ 54, ) 2 Mg Site ) 2 Me T Sie
pra_Lo (Bl [\ 1o ((Hil | jae) [20
M 2 \/s4,) 2 2 Lot S
Al [2 1 A\ [2 1 377\ [2
PA’.Q — L, Vs =+ dA,Q L,i Vs + dA,Q L, Vs ) 75
Ly Q ( 2 vag + 2Q M,i + 2 S;ﬁ;g 2Q M, + 2 Sgyg ( )
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PM,L _P]\[x(z) PLL _PLz(z)v P]\[L _PAIy(z)7 and

From (77) and (81), a set of 2N BERs for N/2 multiplexed
asymmetric constellations satisfy

{PA”,.PAJ PLe. Pl

M,i>~ Ly > M, >
= {PJ\I,x(i)7 Pr 2(iys Pary(iys Proyy |1 <4 < N/2}
= {P]\/I,’IHPL,i 1<:< N}- (82)

Hence, a set of 2N BERs for N/2 multiplexed asymmetric con-
stellations is the same as that for N multiplexed symmetric con-
stellations. O

Corollary 13: Suppose that the minimum distances of the N
multiplexed symmetric hierarchical 16 QAM constellations sat-
isfy (5) of Theorem 1. Then, with the minimum distances given
by (76), N/2 multiplexed asymmetric hierarchical 16 QAM
constellations also provide 2V levels of UEP.

Proof: Since dys; and dy; satisty (5), Pas,; and Pr, ; sat-
isfy (4) by Theorem 1. From (82), it follows that N/2 mul-
tiplexed asymmetric hierarchical 16 QAM constellations also
provide 2N levels of UEP. O

As an example, suppose that there is single asymmetric hi-
erarchical 16 QAM (i.e., N = 2), and x(%) and y() satisfying
(77) are chosen as (1) = 1 and y(1) = 2. From (76) and (81),
(4) and (5) of Theorem 1 lead to the following:

AI A,Q
P PM1 < PN
if d v >df,?>d o> di?,

A,
PL,IQ
(33)

Next, we consider the peak power of all the multiplexed
asymmetric hierarchical constellations, S _,, which is given

peak?®
by
SA = max[{Speah 1<i< N/ZH (84)
where Spoak ; 1s the peak power of an asymmetric hierarchical

constellation i. For asymmetric hierarchical 16 QAM, S

peak,? is
given by

SA L =8A gt

peak,t poak i poak i
2 2
d‘i‘ﬁ hit  1q
- +dpl )+ HE+d) 69
where Sﬁeik ;, and S;xe;i , are the peak powers of the inphase

and quadrature components of asymmetric hierarchical constel-
lation 4, respectively.

Theorem 14: Suppose that the minimum distances of the N
multiplexed symmetric hierarchical 16 QAM satisfy (5) of The-
orem 1. With the minimum distances given by (76), the peak
power of all N/2 multiplexed asymmetric hierarchical 16 QAM
constellations, Speak, given by (84) and (85), is less than that

of all N multiplexed symmetric hierarchical 16 QAM, Speak,

5827

given by (55) and (56), regardless of the choice of z(7) and y(7)
satisfying (77).

Proof: From (76) and (85), S, is given by

poak 7

dl\/[,a:(i) 2 d M y(i) ’
Speak i 2 + dL,m(i) + 2 + dL Ly(3)

(86)

1 1
= isl)eak,m(i) + ispeak,y(i)7

where the second equality follows from (56). From (84) and
(86), S4 . is given by

pea
SA k= g Y+ 1s A1 <i< N/2
peak — Max 2 peak,z (%) + 9 peak,y(i)[1 =7 =

1 1
= 5 Speak,e(j) + 5 peak,v(i) &7)

2

for some j in the range of 1 < j < N/2. Since z(i),y(7) €
{1,..., N} from (77), we have

Speak,w(j) S max [{Speak,i peak

Speakk,y(j) < Speak

1§i§N}]: “

where the second equality of the first expression follows from
(55). From (5) and (56), the peak powers of each symmetric
hierarchical 16 QAM constellation satisfy

Spoak,l > Spoak,Z > > Spoak,N~ (89)

From (77), (88), and (89), Speak,x(j)> and S
ther of the following:

peak,y(j) Satisfy ei-

Speak,z(j) < Speak,y(j) < Speak OF

Speak,y(j) < Speak,a:(j) < Spoak' (90)
From (87) and (90), we have
1 1
Speak 2Speak,z(j) + Espeak,y(j) < Speak- (91)
O

Theorems 12 and 14 tell us that when asymmetric hierarchical
16 QAM is used instead of symmetric hierarchical 16 QAM, the
PAPR is reduced without performance loss.

The following theorem states how to choose (i) and
y(i) (1 < i < N/2) satisfying (77) to minimize the PAPR of
all the multiplexed asymmetric hierarchical constellations.

Theorem 15: Suppose that the minimum distances of the
N multiplexed symmetric hierarchical 16 QAM satisfy (5) of
Theorem 1. Also suppose the minimum distances of N/2 mul-
tiplexed asymmetric hierarchical 16 QAM are given by (76).
Then, from (84) and (86), Speak is given by

1
A .
Speak = max |:{§Speak,l’('i,) + i‘speak,y(i) 1 S ? S N/Z}:|
92)
and this is minimized if (¢) and y(¢) satisfying (77) are chosen
as
2(i)=i and y()=N+1—i

(L <i<N/2). (93)

Proof: The proof is similar to the proof of Theorem 8. [
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Next, we generalrze to asymmetrrc hierarchical 22X (K > 2)
QAM. Let dj; M ; and 3 M ; denote the minimum distances of
the nth MSB (1 <n < 'K ) for the inphase and quadrature
components of asymmetric hierarchical 225X QAM constellation
i (1 <4 < N/2).From (17), the average power of asymmetric
hierarchical 2% QAM constellation 7, S ., can be expressed

avg,i?
as
A QAT A,Q
Savgz Sa\rgz+5a\rgz
MuudAI /Luu d4Q JAQ
= M, i M L+ dagidag
u=1v=u u=1v=u

(94)
where S i,é ; and S E‘i,g(% are the average powers for the inphase
and quadrature components of asymmetric constellation i.

Let Pﬁ Il and PM denote the BERSs of the nth MSB (1 <
n < K) for the 1nphase and quadrature components of asym-
metric hierarchical 225 QAM constellation i (1 < i < N/2).
Recall that Py, ; denotes the BER of the nth MSBs (1 <
n < K) of symmetric hierarchical 2% QAM constellation
1(1<i<N).

Theorem 16: Suppose that there are N multiplexed sym-
metric hierarchical 22X QAM whose minimum distances are
given by day, 1,-.-,dy, v (1 < n < K). Also suppose that
the minimum distances of N/2 multiplexed asymmetric hierar-
chical 22K QAM satisfy

d?[,{z =dyy, (i) and d]lll,(:?z = dey(i)

(1<n<K, 1<i<N/2) (95)

where x(4) and y(4) satisfy (77). Theorem 12 holds for asym-
metric h1erarch1cal 22K QAM when

i) df[{ and dL’ are replaced by dM i(1<n<K); dfl?

and d; Q are replaced by dM g (1<n<K);du, and

dLl are replaced by du,, i (1 <n < K)

(

ii) M’1 and P I are replaced by P <n < K)
Pﬁ? and Pj ’Q are replaced by P f ( <n < K)
Py and PL i are replaced by Par, ; (1 <n<K).

1ii) Equatlon (76) is replaced by (95).
Proof: We omit the proof for conciseness, but it can be
found in [32]. O

We next consider the peak power for asymmetric hierarchical
22K QAM. In the following, we rewrite the peak power of sym-
metric hierarchical 225 QAM constellation i (1 < i < N),
Speak,i» given by (71)

K K

Speak,i = Z Z Awdar, idar, -

u=1v=u

(96)

From (96), the peak power of asymmetric hierarchical 22%

QAM constellation i, S2 can be expressed as

peak,?’
AT
Speakz Spcakz+5pcakz
_ uu AI U” AQ AQ
2 MUL ]\I L+ 2 Mu,L ]\I )
u=1v=u u=1v=u

o7
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where Speak ;and S e’ﬁ . are the peak powers for the inphase

and quadrature components of asymmetric constellation i.

Theorem 17: Theorems 14 and 15 hold for asymmetric hier-
archical 22X QAM when
i) df['IL and d?'l are replaced by dA'I ,(1<n<K); df[?
and d, Q are replaced by dM (l <n < K);dy, and
dri are replaced by du,, i (1 < n < K).
ii) S’pcak i given by (56) is replaced by (96).
iii) S’peak , given by (85) is replaced by (97).
iv) Equation (5) of Theorem 1 is replaced by (20) of Theorem
4,
v) Equation (76) is replaced by (95).
Proof: We omit the proof for conciseness, but it can be
found in [32]. O

We note that, like other rectangular QAM constellations, the
asymmetric hierarchical 225 QAM can be easily generated as
two PAM signals impressed on the inphase and quadrature car-
riers, and possesses the distinct advantage of being easily de-
modulated. Hence, it does not increase any decoding complex-
ities, compared to conventional hierarchical or nonhierarchical
rectangular QAM constellations.

V. MULTILEVEL UEP BASED ON MULTIPLEXING
HIERARCHICAL QAM CONSTELLATIONS
HAVING CONSTANT POWER

In this section, we consider the case where it is desirable for
the multiplexed hierarchical QAM constellations to have the
same average power (i.e., constant power), either due to the lim-
ited capability of a power amplifier, or for cochannel interfer-
ence control.

A. Symmetric Hierarchical 2%’ |2?K (K > J > 1) QAM
Constellation

Theorem 18: When N multiplexed symmetric hierarchical
16 QAM constellations are required to have constant power,
there exist minimum distances satisfying
d]\/[71 >d]\/[72 > > d]\/[7]\r>dL7N > dL,N—l > > dL71.

(98)
Proof: The proof of this theorem as well as the proofs of
all other theorems in this section are not included here for con-

ciseness, but they can be found in [32]. O

From (63) and (98), it is seen that even if symmetric hier-
archical 16 QAM constellations have constant power, the sug-
gested UEP system, depicted in Fig. 2(b), can provide 2V levels
of UEP for high SNR.

Theorem 18 holds for symmetric hierarchical 22/ /22K (K >
J > 1) QAM, when d;; and df, ; are replaced by dyy, ; and
d g i» Tespectively.

B. Asymmetric Hierarchical 2*% (K > 2) QAM Constellation

Theorem 19: Suppose that N/2 multiplexed asymmetric hi-
erarchical 16 QAM constellations are required to have constant
power, and their minimum distances are given by (76). If x (i)
and y(17) are chosen according to (93) of Theorem 15, there exist
minimum distances satisfying both (5) of Theorem 1 and (76).
O



CHANG et al.: OPTIMIZED UNEQUAL ERROR PROTECTION

From Corollary 13 and Theorem 19, it follows that even if
asymmetric hierarchical 16 QAM constellations have constant
power, 2N levels of UEP can be achieved.

Theorem 19 holds for asymmetric hierarchical 225 (K > 3)
QAM, when

i) dar,; and dy; are replaced by das, ; (1 <n < K).
ii) Equation (76) is replaced by (95).
iii) Equation (5) of Theorem 1 is replaced by (20) of Theorem
4.

Theorem 20: Suppose that N/2 multiplexed asymmetric hi-
erarchical 22X (K > 2) QAM constellations are required to
have constant power. Then the performance of the system stays
the same or degrades compared to the case where multiplexed
constellations are not required to have constant power. O

VI. THE PERFORMANCE OF THE PROPOSED UEP SYSTEM
FOR PROGRESSIVE BITSTREAM TRANSMISSION

In this section, we analyze the performance of the proposed
UEP system for progressive image source transmission over
Rayleigh fading channels. We first consider the UEP system
depicted in Fig. 2(a). The system takes successive blocks
(data classes) of the compressed progressive bitstream, and
transforms them into a sequence of channel codewords of fixed
length [. [22] with error detection and correction capability.
Then, the coded classes are mapped to the multiplexed sym-
metric hierarchical 16 QAM constellations. At the receiver,
if a received class is correctly decoded, then the next class is
considered by the decoder. Otherwise, the decoding is stopped
and the image is reconstructed from the correctly decoded
classes. We assume that all decoding errors can be detected.

Let 7; be an error correction code rate for class 7 (1 < i <
2N), and d; = (das,c(i), drc(iy) be a pair of minimum dis-
tances of some specific constellation ¢(¢) (1 < ¢(i) < N) to
which class 7 (1 < ¢ < 2N) is mapped. From Corollary 2,
d; (1 <14 < 2N) is given by

d, = { (daris dri)s

(dari—n, dri—n),

forl1 <i< N
for N +1<i<2N (99)
where dpr1,...,dy,v and dg 1, ..., dr n satisfy (5) of The-
orem 1 to achieve 2N levels of UEP. Let p(r;,d;,~s) denote
the probability of a decoding error of class z. Then, the proba-
bility that no decoding errors occur in the first ¢ classes with an
error in the next one, P, ; is given by

%

Pc,z' = p(ri+lvdi+1775) H (1 - p(ijdj7'75))

Jj=1

(100)

for 1 < ¢ < 2N — 1. Note that P.o = p(ri,d;,7s) is
the probability of an error in the first class, and P.on =
H3£1 (1 —p(rj, d;, vs)) is the probability that all 2N classes
are correctly decoded. The end-to-end performance can be
measured by the expected distortion E[D] given by

2N

E[D] =) P..D; (101)
1=0
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where D); is the reconstruction error using the first ¢ classes (1 <
1 < 2N), and Dy is a constant. For the case of an uncoded
system, D; is given by D; = V (il.), where V(z) denotes the
operational rate-distortion function of the source coder. Also,
for the uncoded system, the probability of a decoding error of
class i, p(r;, d;,vs) = p(d;,~s), can be obtained analytically

p(c_livrys) =1- {1 - Pi(C_li7ryS)}lc .

Recall that P;, a function of d; and +s, is the BER of data class
i. P, (1 < i < 2N) is given by (3) and (15) of Corollary 2.
We define a frame as a group of constellation symbols to which
one image bitstream is mapped. We assume the channel expe-
riences slow Rayleigh fading such that the fading coefficients
are nearly constant over a frame. With this channel model, from
(100)—(102), the expected distortion for the uncoded system is
given by

(102)

Ewpzﬁm{@—{LJugﬁ%JV)Wm

2N -1

+ Z [(1— {1_Pi+1(dq;+1,h2%)}lc)

xﬁ@fg@ﬁmﬁfwm

2N

+TT{-Pitd; k20 V(ZNlc)}f(h)dh (103)

where h is the Rayleigh-distributed envelope of complex
channel coefficients and f(h) is the Rayleigh-distributed
probability density function of . Note that for a given SNR
of ~s, E[D] is the conditional expected distortion. In situ-
ations when exact SNR information is not available at the
transmitter, one can find the minimum distances, d, ..., dsy
(or d]\[,l; ey dM,N and dL,l-, ey dL,N)7 which minimize the

expected distortion over a range of expected SNRs using the
weighted cost function

Jo” w(vs)E[D]ds
Jo~ w(vs)dvs

where w(y) in [0, 1] is the weight function. For example, w(~ys)
can be given by

(104)

arg min

417---7221\]

1, fory? <, <~b
w(vs) = {0’ O Ts == (105)

otherwise.

VII. NUMERICAL RESULTS

We evaluate the performance of the proposed UEP system
using multiplexed hierarchical 16 QAM constellations for the
progressive source coder SPIHT [26] as an example. We provide
the results for the standard 8 bits per pixel (bpp) 512 x 512 Lena
image with a transmission rate of 0.375 bpp. To compare the
image quality, we use peak-signal-to-noise ratio (PSNR) defined
as

2557

PSNR = 10log——

D] (dB)

(106)
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Fig. 5. PSNR performance of UEP system using multiplexed symmetric hierarchical 16 QAM (H-16QAM denotes hierarchical 16 QAM).

where 255 is due to the 8 bpp image, and F[D] is given by (103).

We present the PSNR performance for the uncoded case
by numerically evaluating (103)—(106) as follows: We first
compute (104) for the block Rayleigh fading channel using
the expected distortion E[D] given by (103), and the weight
function w(ys) given by (105). Next, with d;,...,dyy (or
daris- .. dy,ny and dp 1, ..., d, v) obtained from (104), we
evaluate PSNR using (103) and (106) over a range of expected
SNRs given by (105).

Fig. 5 shows the PSNR performance of the multiplexed sym-
metric hierarchical 16 QAM constellations. For reference, it
also shows PSNRs for single symmetric hierarchical 16 QAM,
as well as uniformly-spaced QPSK and 16 QAM constellations.
The PSNR of single symmetric hierarchical constellation is
evaluated in the same way as that for multiplexed symmetric
hierarchical constellations. From Fig. 5, it is seen that mul-
tiplexed symmetric hierarchical constellations improve the
performance more than does single symmetric hierarchical
constellation. It is also seen that 32 multiplexed symmetric
hierarchical 16 QAM constellations, which provide 64 levels
of UEP, have almost saturated performance in this evaluation.
However, by optimally permuting the minimum distances ac-
cording to Theorem 7 , an additional SNR gain of more than 0.5
dB is achieved. Note that the performance of N/2 multiplexed
asymmetric hierarchical constellations is the same as that of N
multiplexed symmetric hierarchical constellations (N = 8,16,
32) as stated by Theorem 12, though the former is not depicted
here.

Table I shows the PAPRs of the multiplexed symmetric or
asymmetric hierarchical 16 QAM constellations. For reference,
the PAPRs of single symmetric hierarchical 16 QAM and uni-
formly spaced 16 QAM constellations are also listed in Table II.
From Tables I and II, it is seen that when symmetric hierar-
chical 16 QAM constellations are time-multiplexed, they have

TABLE I
PAPR OF MULTIPLEXED SYMMETRIC OR
ASYMMETRIC HIERARCHICAL 16 QAM

| ] PAPR (dB) |
| Number of UEP levels [ 4 T 16 | 64 |
Multiplexed symmetric
hierarchical 16 QAM 331 | 687 | 9.43
Multiplexed symmetric
hierarchical 16 QAM 2.82 | 5.84 | 8.32
with permuted min. distances
Multiplexed asymmetric
hierarchical 16 QAM 111 | 418 | 6.60
Multiplexed asymmetric
hierarchical 16 QAM 1.11 143 | 146
having constant power

TABLE II
PAPR OF UNIFORMLY SPACED 16 QAM AND SINGLE
SYMMETRIC HIERARCHICAL 16 QAM

| [ PAPR @B) |
Uniformly spaced 16 QAM 2.55
Single symmetric hierarchical 16 QAM 0.90

larger PAPR than does uniformly spaced 16 QAM as well as
single symmetric hierarchical 16 QAM constellation. Table I
also shows that PAPR is reduced when asymmetric hierarchical
constellation is used, as stated by Theorem 14.

Fig. 6 shows the PSNR performance of the multiplexed
asymmetric hierarchical 16 QAM constellations having con-
stant power. It is shown that the performance is degraded when
constellations are required to have constant power, which is
consistent with Theorem 20 . However, as seen from Table I,
this scheme provides PAPR smaller than uniformly spaced
QAM, and a high PAPR problem is solved.
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Fig. 6. PSNR performance of UEP system using multiplexed asymmetric hierarchical 16 QAM having constant power (H-16QAM denotes hierarchical 16 QAM).

VIII. CONCLUSION

Progressive image or scalable video encoders employ pro-
gressive transmission, so that encoded data have gradual differ-
ences of importance in their bitstreams, which necessitates mul-
tiple levels of UEP. Though hierarchical modulation has been
intensively studied for digital broadcasting or multimedia trans-
mission, methods of achieving a large number of levels of UEP
for progressive mode of transmission have rarely been studied.

In this paper, we proposed a multilevel UEP system using
multiplexed hierarchical modulation for progressive transmis-
sion over mobile radio channels. Specifically, we proposed a
way of multiplexing N hierarchical 225X QAM constellations
(K > 2)and proved that K N levels of UEP are achieved, under
the assumption that the SNR of interest for the nth most im-
portant bits is reasonably large so that the probability of noise
exceeding the Euclidian distance of das, , + %d M, 18 insignif-
icant compared to that of noise exceeding %d M, » Where day,
and dpy, _, are the minimum distances for the nth and n — 1th
important bits, respectively (2 < n < K). This assumption is
based on the fact that for hierarchical constellations, the min-
imum distance for more important bits is greater than that for
less important bits (i.e., das,, , > dar,). As a special case, for
hierarchical 16 QAM (K = 2), we showed that 2N levels of
UEP are achieved without the assumption.

When the BER is dominated by the @)-function term having
the minimum Euclidian distance, we derived an optimal multi-
plexing approach which minimizes both the average and peak
powers for hierarchical 227 /22K QAM (K > J > 1) constel-
lations (typical examples are 4/16 QAM and 4/64 QAM which
are employed in the DVB-T standard). While the suggested
methods achieve multiple levels of UEP, the PAPR typically
will be increased when constellations having distinct minimum
distances are time-multiplexed. To mitigate this effect, an
asymmetric hierarchical QAM constellation, which reduces
the PAPR without performance loss, was proposed. We also

considered the case where multiplexed constellations need to
have constant power, and showed that multilevel UEP can be
achieved while the performance stays the same or degrades in
this case. Numerical results showed that the proposed multilevel
UEP system based on multiplexed modulation significantly
enhances the performance for progressive transmission over
Rayleigh fading channels without any additional system band-
width or transmit power.

APPENDIX A
PROOF OF LEMMA 3

A. Gray Coded Bit Mapping Vector for Hierarchical 2%
PAM: For a hierarchical 25 PAM constellation, let gn,; denote
the Gray code for the nth MSB (1 < n < K) assigned to the
ith signal point (1 < i < 2K) from the left. Then, it can be
shown that the 2% -tuple Gray coded bit mapping vector, g,, =
(9,1 gn,2* - Gn 2x ], for the nth MSB is given by

[021(71 12K—1]., forn=1
gn — [021(771 12K—n 12K—n 021(—11 R
02K—n 12K—n 12K—n 021<—n]7 for 2 <n< K

(107)
where 0; is a [-tuple all zero vector, and 1; is a [-tuple all one
vector.

B. Euclidian Distance Between Adjacent Signal Points
for Hierarchical 2% PAM: Let S (1 < i < 2X) and
SHEHD (1 < j < 2K+1) denote the ith signal point from the left
for hierarchical 2% and 2%+ PAM constellations, respectively.
Also, let d5y) (1 < n < K)andd{; ™V (1 < n < K +1)
denote minimum distances for the nth MSB of hierarchical 2%
and 25X+1 PAM constellations, respectively. Fig. 7 shows how
hierarchical 25+ PAM is constructed from hierarchical 2%
PAM. There are two rules with regard to the construction of

hierarchical 2+1 PAM from hierarchical 2% PAM:
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28 pam (K) (K)
Si Si+1'
e e >
A (K)
//II \\\\ dMn /III \\\\
. / \ 7 \
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(K+1) (K+1) (K+1) (K+D)
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L L 4 L 4 L 4
- ————— r—————————— > ————— ->
(K+1) (K+1D) (K+1D)
dM K+ dMn dM K+

Fig. 7. The construction of hierarchical 2%+ PAM from hierarchical 2%
PAM.

i) The ith signal point for 2% PAM, S,L-(K) ,1s replaced by the
2i — 1th and 2ith signal points for 25+! PAM, S{¥+Y
and Sé{('H), which satisfy

ASD SE) = D 1 <i<2f aop
where d(X,Y) is the Euclidian distance between two
signal points, X and Y.

i) If the distance between Si(K) and Sffl) for 25 PAM is

dg\lf), then the distance between Séf(“) and ng‘:;” for

2K+1 PAM is d{y *"). That s, for 1 < i < 25 — 1 and
1<n<K

(S SE) = e i a(5, 509) = .
(109)
As an example, Fig. 8 depicts hierarchical 4 and 8 PAM con-
stellations.
We will prove the following by induction: For hierarchical 2%
PAM (K > 2), the Euclidian distance between adjacent signal
points is given by

S(K)

(K)
d(S (2i-1)2K =741

K
(2i1)2K - )=dlY 10

forl < i< 2" 1'and1 < n < K. Consider hierarchical 4
PAM. From Fig. 8§, it is seen that

d(857,85) =d}) and

d(s8,85) =d(s$?,57) = df). (111)
If we let K = 2 in (110), we have
(2) (2) _ 42
d(S(2i—1)22*”7S(Zi—1)22*”+1) =dy;, (112)

for1 <3< 2" ltand1 < n < 2.From (112), forn = 1, we
have

(2) (2) ) .
d(S(Zi—l)Tf 5(21:—1)2+1) =dy, fori=1

& d(S5P,85) = df) (113)
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where A < B denotes A and B are identical. From (112), for
n = 2, we have

(S5 1, 85)) = di) fori=1,2

& d(s?,5P) = d(s$,8) =d). (14
It is seen that (113) and (114) are identical to (111). Suppose
that (110) holds for 2! PAM. That is

S(l)

O]
d(S (2i—1)21-m41

_ 40
(21',1)2[—:17 ) - dﬂfn (115)
for1 < i < 2?1and1 < n < [. Consider hierarchical 2!*1

PAM. Equation (109) can be rewritten as
d(ss™, siEY) = dif Vit d(s,s) = df) - 1e)

for1 <i<2'—1and1 < n <I.From (115) and (116), it can
be shown that

S(H‘l)

(I+1)
d(S (2i—1)2i+1-n41

I+1

(zin1)2+ion: )=ditY a1

forl <i<2»landl < n <L Equation (108) can be
rewritten as

41 41 I+1

d(S;i_1)7S£i )) = dg\,[“rl)

for1 <i< 2. (118)

From (118), (117) can be extended to the case n = [+ 1. That is

d(S(H-l) ) — dg\l[—:l)

(2i_1)21+1—n ’

S(H'l)

(2i—1)20+1-n 11 (119)

forl1<i<?2"landl1 <n<Il+1.Ifwelet K =1+ 1in
(110), it is identical to (119). Hence, (110) holds for hierarchical
2!+1 PAM.

For convenience, from here onwards, we use S; and dj, in-
stead of S,L-(K) and dgé? for hierarchical 2" PAM. For integers
j.mintherangeof 1 < j < 2K —1and1 < n < K, we define
a function f,(j) as

1, forj=(2-1-1)2K" (2.2 -1)2K-—™"
(2277 1)K
0, otherwise.

fnld) =

(120)
From (120), it can be shown that (110) is expressed as

K
d(S;,Sj1) =D fali)dar, for1<j <25 —1. (21)
n=1

C. BER of the MSB for Hierarchical 2% PAM: Fig. 9 de-
picts a hierarchical 2% PAM constellation with the bit mapping
vector g; for the MSB given by (107). The system model for hi-
erarchical 2% PAM is shown in Fig. 10. The transmitted signal
is given by

s(t)=x(t)V/2 cos wt
=sgn(i—2571-0.5)d(0, S;) Pr(t)v2 cos wt (122)

where 1 < i < 2% sgn(-) denotes the sign of the real number,
d(0, S;) is the Euclidian distance between the origin and ith
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o . | . .
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Fig. 8. Hierarchical 4 and 8 PAM constellations.
signal point S; (1 < i < 2K), and Pr(t) is the transmit pulse  From (110), for n = 1, we have
defined as
PT(t) _ { 1./ 0 S t S T (123) d(S(2i71)21<71,S(2i71)21<71+1) = dM1 fori =1
0, elsewhere & d(Syr—1,Sox141) = du, (128)

where T is the symbol duration. n(t) is zero-mean additive
white Gaussian noise having a power spectral density of Ny /2.
At the receiver, the decision statistic is given by

X =sgn(i — 2571 - 0.5)d(0, ;)T

T
N:/ n(t)V2 cos wt dt (124)
Jo

where the standard deviation of N is /N1 /2. From Fig. 9,
since the decision boundary for bits 0 and 1 is the origin, the
probability of correct decision for a signal point assigned for bit
1, S; (i > 2K—1 4+ 1), is given by

Pes, =Pr[0 < d(0,8,)T + N < ]
:1—Q< ):1—Q<d(075i)\/?vj).

(125)
From (125), the probability of correct decision for the MSB is
given by

d(0,8:)T

VN2

1 2"
Pc = oR—1 Z Pc,57
i=2K-141
1 X 9T
=1-opy Z Q (d(075i),/ﬁ> (126)
i=2K—-141 0

and the BER for the MSB, P, , is given by

(d(o,si)\/fvj> .

(127)

1
oK1

2K
_ Z Q

i=2K =141

Py, =1-PF.

Since the hierarchical PAM constellation is symmetric with re-
spect to the origin, from (128), we have

d(0, Syrc141) = %d(sszl,SZHH) = d‘;ﬁ. (129)
Fori > 2K=14+2,d(0, 5;) can be expressed as
1—1
d(0,8;) =d(0,Spx—141) + Y d(S;, S41)
j=2K-141
_ D, 5 (S, S 130
—T + Z ( js j+1) ( )
j=2K-141

where the second equality follows from (129). From (129) and
(130), the BER of the MSB, given by (127), can be rewritten as

21(
1 dy, 2T 1 dm
PMlzzK_—lQ<2l\/F@>+W 2 Q((Tl
i=2K-142
1—1
2T
+ Z d(5j7sj+1)> F)' (131)
j=2K-141 0

i—1
j:21(—1+1

From (121), >

as

d(Sj7 Sj+1) in (131) can be rewritten

i—1 i—1 K
S d(SnSi)= > Y fali)du,
j=2K-141 j=2K-141 n=1

i—1
Y fali) (32

j=2K-141

K
= E dnr,
n=1
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From (120), it can be shown that Z _1 [n(J) is expressed as

l [ 42K-n
- [425

for1 <1< 2K —_1and1 <n < K.From (133), (132) can be
rewritten as

(133)

i1
Z d(Sj75j+1) =
j=2K-141
K

’L—1+2K7n 2K71+2K7n
Z dar, SR —n+tl - 9K —nt1 :
n=1

(134)

From (134), the second term of Py, given by (131) can be ex-
pressed as

2k .
1 d]\[l 71— 1+ oK-—n
9K -1 Z Q(( +Zdjun{ {72K—n+1

1=2K-142

2K—1 4 oK—n 2T

_ {—ZK—n+1 J }) F@ . (135)
Let p = ¢ — 2K—1 — 1. Then (135) can be rewritten as

K-t 1 K

1 d]\/[ P+ oK —n n—2
SR D Q<<Tl + ZdMn{ {21(—4%1 +2
p=1 n=1
2T

—[2n=2 427! — . 1

272 1 27| }) NO) (136)

For n > 2, we have

2K—n 2K—n
{pg—;—nﬂ +2n_2J = {pg—zt—nﬂ J +2"7* and

|2n 2+ 27t =272 (137)
For n = 1, we have
2K—n
V;_—H +2”_2J = [gr 1] =1 and
|2 24+271 =1 (138)

where the second equality of the first expression follows from
1 <p<2K-1 _11in (136). From (137) and (138), the second
term of Py, , given by (136), can be rewritten as

XK: Lo |pr2en ) [T
n=2 Mo 2K —n+1 N[) '

(139)

21(11

SR
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g1=[ 0 0 0 0 1 1 1 1]
S] Sz SZK—I_I S2K71| S2K.‘1+1 SZ‘K’]+2"' S
T

2K SzK

Fig. 9. Hierarchical 2% PAM constellation with the bit mapping vector g for
the MSB.

s(@)=x(1) w/f cosmt ﬂ?}—ﬂ?—»

n#) V2 cosor

Fig. 10. System model for hierarchical PAM.

[[ b x 1N

Since K day, | B2 | = 0 for p = 0, from (139), the

BER of the MSB given by (131) can be expressed as

Py, =
2K—-1_1

d]\[l P+ oK—n 2T
Z Q(( +ZdM" {WJ> FO)
(140)

Note that (140) is the exact BER expression for the MSB of
hierarchical 2% PAM.

D. BER of the noth MSB (2 < ng < K — 1) for
Hierarchical 2% PAM:

D-1. Classification of 2% Signal Points Into 2" ~! Mu-
tually Exclusive Groups: We first find every pair of adjacent
signal points which are separated by a Euclidian distance greater
than dMn (.e., dMnO o dMnO— 2,...,dp, ) For given ng in the
rangeof2§n0§K—1 letn=ng—m(l<m<nyg—1)
in (110). Then, we have

d(5(21:—1)21<—no+m>5(211—1)21<—”o+m+1) = dMnOfm

forl1 <i<2m ™ land1<m<mng—1. (141)
It can be shown that {j |1 <j<2not— 1} is identical to
{(2zi—12m7t|1<i<2m ™™ and 1 <m < ng— 1}.
Hence, every pair of adjacent signal points which are separated
by a Euclidian distance greater than dyy,, , given by (141), can
be expressed as

Sokti-ng, S
Jj-2 ’

joKtiong g forl < j<2mert g

(142)

Next, we classify 2% signal points into 2”0~ mutually ex-
clusive groups such that the Euclidian distance between adja-
cent signal points of the same group is smaller than or equal to
dnr,,, - From (142), the signal points of the jth group can be de-
rived as

S(j_1)21<+17no 415 S(j_1)21<+17no T, PR Sj_21<+17no (143)
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pUb pW puth
] I ]
[ 1 170 0 0 0 1 11 110 0]
] I I
G-D) ... eU-D 1 ¢gU-D (-1 (0) N (0 ) B ¥ 16))] ) i+]) ... oG+ 1 oG+ G+
Sll Szj( ng : SZK —np 1 S2K+l —ng Sl S 7n0:S2K -ng g SZ{(H—VIO Sl(j+ ) Szi(—no: 2 K-ng | Szi(ﬂ g
o : < - @ oo &
| I I
J-1th group J th group j+1 th group
Fig. 11. The j — 1, j and j + 1th groups with the bit mapping vector for j = odd.
for 1 < j < 2™~ We rewrite (110) in the following: For ~From (107), the bit mapping vector for the ngth MSB (2 < ng <

hierarchical 2% PAM (K > 2), the Euclidian distance between
adjacent signal points is given by

d(S(2i—1y2x-n, S(2i—1)25-n11) = du1, (144)

for1 <i<2" land1 < n < K.From (143) and (144), it can
be shown that the Euclidian distance between adjacent signal
points of the jth group is given by

d(S(i—1)2r—n, S(2ic1)2x-n41) = dur, (145)

for (j —1)2"""0 41 < i< j-2""", my < n < K, and
1<j<2m-t Letp =1i— (j— 1)2"~"0. Then, (145) can be
rewritten as

d(S(2p71)21(7n
= du,

+(j*1)2,(+17770 5 5(2])71)21(7;7 +(j71)21<+1—770+1)
(146)

for1 < p < 2n"mo n0<n<K and1 < j < 201,
Notation Change: Let S ) denote S(j—1)2K+1-ng 4; for
convenience. Then, every pair of adjacent signal points which
are separated by a Euclidian distance greater than day, = (ie.,
dnr dnr, —2,-..,dur ), given by (142), can be rewritten as

ng—1° no

S iy, ST for1<j<omot 1. (147)
The signal points of the jth group, given by (143), can be ex-
pressed as

SU 8P 8L, L, forl <j<2mTh (148)
Lastly, the Euclidian distance between adjacent signal points of
the jth group, given by (146), can be rewritten as

g0

(4)
S (2p—1)2K—n41

d( (2]) 1)21( n Yy ): d]\'fn (149)
for1 <p<2"™™ ny<n<K,and1 < j < 2m~1

D-2. Probability of Correct Decision for Signal Points of
the jth Group: From (148), for 2 < j < 2"0~1 — 1, the signal

points of the j — 1, 7, and j 4 1th groups are given by

S(J 1) S(J 1) S§]K+11) o) 551)7 Séj), o Séjl<)+1—710
J— lth group gth gr:)rup

T A
Jj+ lth group. (150)

K —1)ofthe j — 1, 7 and j + 1th groups is derived as
[0y5—no Loyr—ng Lox—ng Ogr—ng Ogic—ng Lox—ng |

for j = even (151)
[121{—110 021(—110 021(—110 121(—710 121(—710 021(—710]
for j = odd.

From (150) and (151), 5 — 1, 7, and j + 1th groups with the
bit mapping vector for ; = odd are shown in Fig. 11, where
DU DU and DUHD denote the decision boundaries for
bits O and 1 in the j — 1, 7, and j 4 1th groups, respectively. In
the following, we will derive the probability of correct decision
for signal points of the jth group (1 < j < 270~ 1):

i) Signal Points Assigned for Bit 0 When j is Odd in the
Range of 2 < § < 2"0~1_1: We here assume that for Si(]) (1<
i < 2K=m0) a signal point of the jth group which is assigned
for bit 0, the probability of correct decision can be calculated
without considering the other groups except for the 7 — 1, 7, and
7+ 1 th groups (we will later show that the assumption is correct
if the SNR condition of this lemma is satisfied). Fig. 12 shows
the correct decision area for S (1 < i < 25=70) under the
above assumption. From Fig. 12, it follows that the probability
of correct decision for S;J) (1 < i < 2K—n0) based on the
system model depicted in Fig. 10 is given by

PP —pr| = d(DUD, SO T < N < d(5Y, DD)T]

)7]

S(J-l-l)

—}—Pr[d(Sl(j)D 9K+1—ng
=Pr[ = (4D, 5) +d(sY),59) ) T <

s D(j))) T}
D(J+1))) T <

(152)

UHD)T < N < d(SY,

N < (d(S,(J),Sé’K),,,O) +d(
) +d(SS .,

N < (89 ,s;wg,no)ﬂ

+Pr[ (d(s?, 85,

where the first and second terms follow from the correct decision
areas #1 and #2 shown in Fig. 12, respectively. Equation (152)
can be rewritten as

Phitd —

1= Pr[N > (d( ) +d(S5.,, D)) 7]
= Pr[N > (D60, 81) + d(s1,59) ) 7]
+Pr[(d( )+ (S5, DIHD)) T <

)7].

S(]) S(J)

2K—ng

S(J Séjk) vo

S(J S(J-I-l

9K +1-ng

(153)
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-1 ) j+1)
Dl('} ) Area #1 Dl ! Dl('/ Area #2
[ 1 110 0 0 0 | 1 e 1 1 110 = 0]
i I |
= - -1 =) () ) j - - +1) | o+ -
SlU v SZ(L;]“)UES;‘E("?O +I’” S;lf(‘:l’”ﬂ AS;li ’ SZ{{_"Ui ;ff)’n(] +] ;‘lff)ilun() Sl(jH) S;{(’l”)UI:SQ-;Q’”OH“. S;J‘EJ])’”O
S S 0 N C
I | 1
J-1 th group J th group Jj+1 th group
Fig. 12. The correct decision area for 5 (1 <i<2K-m0)whenj = odd.
From Fig. 12, d(D(j_l), S?)) in the second term of (153) can  From (157), d(S;Q,nO , D(j"'l)) satisfies
be expressed as
’ a(S9)_,. DYDY = Say oy
d(D(jfl)“S'y)) :d(D(jfl),S(],‘;l) ) 0 ‘ 2 0 _ '
e + A(SS sy 41 S5Rg) + (ST SHE).
-l-d(S(]_l) S(J—l) ) 2 0+1 2K+ 0 1 2 0
9K —mg 417 DgK+T—ng (162)
+d(S5h 0 S). (154) 0 0
We have d(SQi(,,mH,SZJKH,nO) > 0 and
From (149), for n = ng, we have d(51(j+1)75531'{+_1n)0) > 0 for ng < K — 1. Hence,

d(‘g;{()fno,sé{()woﬂ) =dp,, forl<j<2m~t (155)
From the fact that %d(Séj;_lgo ; Séé__%z)o 1) =
d(DG=1), 5;31';1304_1) and (155), (154) can be rewritten as

d(DU=Y, §9) = %dMnO +d(sU")

21{—n0+17

SS o)

—ng

(156)
From (147), we have

d(S21 0y SYTY) > dar,, ., for1<j<2mt 1
, (157)
From (157), d(DU=1), ), given by (156), satisfies
, , 1
d(D(Fl%Si])) > §dM +dyr

ng—1

SUL.,). (158)

ng

+ d(S(j_l)

2K —mg 417

Since d(S(j_l)

2K —no 410 Séj;rll)_no) > 0 forng < K — 1, we have

. p 1
(DU, 8Y) > Zdur,,, +du (159)

ng ng—1"

Likewise, from Fig. 12, d (S;jk) g DU "’1)) in the third term of
(153) can be expressed as

D)~ a(sf.,

€))
SQ‘Z(—W,O +1)
+ d(ng)*"o +1’ SéjK)Jrl*"o ) + d(SéjK)Jrlfno ’ S§]+1))

+d(SYTD, SUFY Y 1 a(sUH) | DU (160)

2K —ng>

Since d(Séj,il)o ,DU+D)
(155), (160) can be rewritten as

_ %d(s(jwq) S(j+1)

YRl 2K,,10+1) and from

. ) 3 . .
d(s%)_,,, DUty = Sdar,, + (S 12 S5 0)

+d(S5 1y, STTY) 4 a(sPHY U,
(161)

d(S’éQ,nO , D(Hl)) satisfies

d(S3) ...

+dm (163)

ng ng—1°

. 3
pU+y 2
) > 2dM

From (159) and (163), it follows that the second and third terms
of PP*0_ given by (153), are insignificant when the condition of
this lemma is satisfied. Since Sfj ), Sé@?,no ,and D) belong to
the jth group, d(Si(j)7 s ) + d(S(j) .D(j)) in the first

! oK —ng 9K —mnq 9
term of PP*0 is the combination of das, ,dnr,, ., -, da,
from (149), and thus the first term is not affected by the con-
dition of this_ lemma. Hence, if the condition of this lemma is
satisfied, Pflto, given by (153), becomes

PP a1 = Pe[N > (a(s?, S5,

2K —ng

+d(S§]K),nO7D(j)))T} (164)
which is identical to the probability of correct decision calcu-
lated only by considering 2% +1 "¢ signal points of the isolated
jth group. Since the j — 1 and j + 1th groups have no effect
on the correct decision probability for signal points of the jth
group due to the condition of this lemma, the other groups (i.e.,
1,...,5—2,7+2,...,2" " th groups), which are separated by
larger Euclidian distances from the jth group than are the j — 1
and j + 1th groups, also have no effect. Hence, the assumption
above (152) is correct.

ii) Signal Points Assigned for Bit I When j is Odd in the
Range of 2 < j < 2m0—1 — 1; It can be shown that the proba-
bility of correct decision for SEJ) (2B -0 41 <4 < 2B +17no)
based on the system model depicted in Fig. 10 is given by

Pbitl —

1=Pr[N > (d(DD, S5, ) +a(S., . 89)) 7]
—Pr |:N > (d(SZ(])7 S;jK)Jrlfno) + d(S;jK)Jrlfno ’ D(J+1))) Tj|
e[ (DG, 88, ) +d(S5 ., 89)) T <

N <d(s¢, 89T (165)
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where d(S;QH,WO , D(j+1)) in the second term of (165) satis-
fies!

» . !
A(S§s1-0gs DITV) > Sdar,, + s,y (166)

and d(D(j’l), 5 ) in the third term of (165) satisfies

2K—no 41
. , 3
d(DY=D, 80 ) > Sar, +dar, . (167)

From (165)—(167), if the condition of this lemma is satisfied,
PPt given by (165), becomes

Pcbitl ~1—Pr [N > (d(D(j)7S;jK)—no+1)

¥ d(Séi),nOH,Sf“))T] (168)
which is identical to the probability of correct decision calcu-
lated only by considering 2%+~ signal points of the isolated
Jth group.

iii) Signal Points Assigned for Bit 0/ When j is Even in
the Range of 2 < j < 2" =1 — 1: From (151), the bit mapping
vector for j = even is just the complement of that for 7 = odd.
Hence, for j = even, PP* and PP*! are given by (165) and
(153), respectively, and the results of 1) and ii) hold for the case
7 is even.

iv) Signal Points Assigned for Bit 0/1 When j = 1 (0dd):
From Fig. 12, it follows that PP for j = 1 is given by

bit0 _
P> =

1= Pr[N > (d(s", 55

2K —ng

) s p0) 1]
+ Pr[ (d(s§1>, S ) +d(S ., D<2>)) T <

N <d(s®, SSQH,HO)T] (169)
The only difference between (153) and (169) is that (169) does
not have the second term of (153), and thus the result of i) holds
for the case 7 = 1. In a similar way, it can be shown that for bit
1, the result of ii) holds for the case 7 = 1.

v) Signal Points Assigned for Bit 0/1 When j = 2mo—!
(Even): In a similar way to iv), it can be shown that the result
of iii) holds for the case j = 2701,

From i)-v), it is seen that if the SNR condition of this lemma
is satisfied, the BER of the ngth MSB can be calculated only
by considering 25X +1="0 signal points of the isolated jth group
given by (148).

D-3. BER of the noth MSB (2 < ng < K — 1) for the
Isolated jth Group: We derive the BER of the nyth MSB for
the isolated jth group of 25 PAM from that of the MSB for
2K+1=no pAM.

i) For hierarchical 2KX+1-m0 PAM, from (144), the Eu-
clidian distance between adjacent signal points is given
by

d(S(2i_1)2r+1=n0=n, S(2i_1)2541=na=n 1) = dar,  (170)

ISince the analysis of ii) is similar to that of i), we omit the detailed steps.
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forl < i <2 landl < n < K+ 1 — ng. Let

r =mn +ng — 1 and p = <. Then, (170) can be rewritten
as

d(S(QP_1)21<—r./ S(zp_1)21<—r+1) = df\'fr+17no (171)
for1 < p <2"7™ and ng < r < K. From (149) and
(171), it is seen that, if dar,,,_,  in (171) is set equal
to dys,, the Euclidian distance between adjacent signal
points for 25+1="0 PAM is the same as that for the jth
group of 25 PAM.

ii) For hierarchical 25 +1="0 PAM, from (107), the bit map-
ping vector for the MSB is given by

g1 = [02(K+1—no)—1 12(1<+17720)71] = [02K—no 12K—no].
172)
For the jth group of hierarchical 2% PAM, from (151),
the bit mapping vector for the nyth MSB is given by

{ [121(—110 021<—no], fOI‘j = eéven (173)

[021(—110 121<—no], fOI‘j = odd.

It is seen that (173) is the same as or the complement of
(172).

From i) and ii), it follows that the BER of the MSB for
2K+1-n0 PAM is the same as that of the ngth MSB for the
isolated jth group of 2% PAM, if dyy, ,,_, for 2KF1="0 PAM
is set equal to dy, (i.e., das, is set equal to dpyr, ., _,). From
(140), the BER of the MSB for hierarchical 2% +1-mo PAM
(2 < ng < K —1)is derived as

oK —ng _1

1 da,
=K(C
p=0

K+1-ng P+ 2K+l—n0—n
+ Z \‘ 2K+2—n0—n J
n=2

X dMn> \/?j(j . (174)
Letr = ng — 1 + n. Then (174) can be rewritten as
K—mng_ .
p=0 r=no+1
X ernOH) \/%) . (175)
As stated above (174), by setting das, equal to dar, ., , in

(175), the BER for the ngth MSB (2 < ng < K — 1) of the
isolated jth group can be derived as

9K—mng_1 K -

1 dr, p+ 2K~

w L oo((Me 3 |
p=0 r=ng+1

(176)

)
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—>— BER expression (16) (the distance ratio = 1)
: — & — Exact BER expression (the distance ratio = 2)
107 . —+— BER expression (16) (the distance ratio = 2)
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Fig. 13. BER for hierarchical 64 QAM: The distance ratio d M,y /dar,, = 1 (i.e., the lower bound) or 2.

BER
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Fig. 14. BER for hierarchical 256 QAM: The distance ratio d M, 4 / dp, =1 (ie., the lower bound) or 2.

Note that the BER expression for the ngth MSB (2 < ng <
K — 1) of hierarchial 2X PAM, given by (176), holds if the
condition of this lemma is satisfied.

E. BER of the K th MSB (or LSB) for Hierarchical 2% PAM:
For the K'th MSB (or LSB), we define the signal points of the
jth group as

S, 59 59, 59 for 1< j < 2K2 (177)

which is identical to (148) withng = K—1.Ifweletng = K—1
in (147), every pair of adjacent signal points which are separated
by Euclidian distances greater than djs, _, is given by

8P, 8PV for1<j<2f o1 (78

Also let ng = K — 1in (149). Then, for 1 < j < 2K-2
the Euclidian distance between adjacent signal points of the jth
group can be derived as

(S, 89) = dar,_,and

d(s7, 89 =d(sY, 89 = dare. (179
From (107) and (177) — (179), it can be shown that if the con-

dition of this lemma is satisfied, the BER of the K'th MSB be-
comes?

dJVIK 2T 1 dJVIK 2T
Q <T m) + QQ ((dMK1 + 5 ) \/ N0> .

(180)

2Since the analysis for the K'th MSB is similar to that for the rnoth MSB
(2 < ng < K — 1), we omit the detailed steps but they can be found in [32].



CHANG et al.: OPTIMIZED UNEQUAL ERROR PROTECTION

From (140), (176), and (180), the BER of the ngth MSB (1 <
ng < K) for hierarchical 2% PAM can be expressed as

,

2K-mo 1 daryg K pr2fr
Ep:[] 2K —nqg Q (( 2 + Er:n0+l QK —7r+1

) )

for1<ny<K-1

o) + o (dw + 24 X

forng = K.

(181)
Note that (181) is the exact BER expression for the MSB, but
for 2 < ng < K th MSB, (181) holds if the condition of this
lemma is satisfied. Lastly, it can be shown that the BER of the
inphase or quadrature components for hierarchical 225 QAM
is the same as that for hierarchical 2% PAM. For hierarchical
225 QAM, let E; = P,y T denote the average energy of the
transmitted signal. Setting 27'/No = 2E, /NoPavg = 27/ Pavg
in (181), (16) is derived.

APPENDIX B
NUMERICAL EVALUATION OF THE BER EXPRESSION (16)

Figs. 13 and 14 show the numerical evaluation of the BER
expression given by (16) for hierarchical 64 and 256 QAM when
the distance ratio is 1 or 2.
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