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Abstract: Conventional hierarchical modulation (HM) only provides two levels of unequal error protection (UEP) for multimedia
traffic transmission. An HM-based scheme is proposed that provides multiple levels of UEP by exploiting the structure of the
Alamouti scheme. A typical Alamouti scheme operates based on the assumptions that the modulation scheme used for the
transmission at each antenna is the same and that the power in each antenna is equal. In the proposed system, these two
operating assumptions are relaxed, in that the modulation schemes as well as the transmission powers for the two antennas
are varied in order to propose a multiple level UEP mechanism for multimedia traffic. The concept is applied to a recently
proposed system which uses the Alamouti space–time block code (STBC) structure with HM and signal space diversity
(SSD), and it is shown via theoretical and simulation results how the simple UEP mechanism can accommodate the
simultaneous transmission of multiple classes of multimedia traffic.

1 Introduction

The concept of using unequal error protection (UEP) for the
reliable transmission of multimedia data has become
important both from a research [1] and commercial [2]
perspective. One of the most prominent mechanisms for the
implementation of this concept is hierarchical modulation
(HM). The fundamental idea with this mechanism is to
separate the transmitted data into several multiplexed bit
streams of unequal priority from high to low. These streams
are then assigned to different bit positions in HM, which
allows higher error protection for the high priority (HP)
stream at the expense of the lower one. The manner in
which this is done will ensure that in the worst-case
scenario the HP data stream is recovered when the channel
degrades, but allows for both the high and low priority (LP)
data to be recovered when the channel improves. The
flexibility of the mechanism allows a communication
system that is more resilient to the variations that naturally
occur in the wireless channel. Previous to HM, this
resilience would be achieved using source or channel
coding, and the advantage that HM has over such schemes
is that it can achieve the same result without sacrificing or
requiring additional bandwidth.
HM-based systems have been studied extensively and the

research work can be broadly summarised into three
categories: performance improvement of HM, application of
HM to digital broadcasting and the use of HM for UEP in
multimedia traffic transmission. The proposed systems in
[3–6] are examples of the first category where HM
performance has been enhanced with schemes such as

signal space diversity (SSD) and Alamouti space–time
block code (STBC). In terms of the second category, the
earliest application of HM was for digital broadcasting
systems [7, 8]. More specifically, [7] presents a study of
hierarchical quadrature amplitude modulation (HQAM) for
this application. The commercially available digital video
broadcasting (DVB-T) standard [2] uses HQAM for layered
video transmission, with the aim of increasing overall
system capacity and coverage. A performance study of HM
for this standard has been presented in [9]. With the
proliferation of digital communication systems, the
transmission of multimedia traffic, with its varying quality
of service (QoS) requirements, became a prominent
research problem. HM has been widely used to provide
solutions to this problem, especially when adaptive systems
cannot be used [1]. References [10, 11], and more recently
[12], present HM-based systems for the transmission of
multimedia traffic by enabling the simultaneous delivery of
multiple classes of data with UEP requirements. In this
context, HM has also been jointly considered with
error-correction coding for proposing efficient and flexible
UEP mechanisms for multimedia traffic transmission in [13,
14]. The flexibility is achieved because the level of UEP
can be finely controlled by modifying the distances between
the constellation points, and this can be done without
requiring additional bandwidth as compared to channel
coding [13].
Traditionally, the number of UEP levels required for

multimedia traffic has been limited. For example, in the
DVB-T standard [2], the video data encoded by the
MPEG-2 only requires UEP for two layers and in such a
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scenario hierarchical 16 or 64 QAM is sufficient. However, as
progressive image or scalable video encoders are incorporated
more and more into DVB systems, these HM systems may not
meet the system requirements as multiple levels of error
protection are needed for such data. Most of the HM-based
systems proposed thus far have only considered two levels
of UEP, and the published schemes that allow more levels
are rare. The very recent work in [1], which is an exception
to this, presents a multilevel UEP system for the
transmission of progressive image or video data. The
system in [1] combines channel coding with HM (for each
UEP level) and uses a multiplexer to achieve multiple UEP
levels. The system proposed in this paper has the same
objective, namely to enable multiple levels of UEP for the
transmission of multimedia data; however, it achieves this
using a novel yet simple manner by exploiting the Alamouti
structure.
Recently, [4] proposed a new transmit diversity scheme

using the Alamouti STBC structure with HM combined
with SSD, and the system performance showed significant
gains achieved by the system over systems without the
Alamouti structure. However, since it is essentially an
enhanced HM scheme, it has the limitation highlighted
above, in that it only allows two levels of UEP. A careful
study of the system led to an opportunity to overcome this
limitation. The Alamouti structure, with two transmit
antennas and once receive antenna, in [4] and in the
original proposal of the technique in [15] has two
underlying operating assumptions. The first implicit
assumption is that the modulation scheme on both transmit
antennas is the same and the second is that the transmit
power in both the antennas are equal. In this paper these
constraints of the basic structure are relaxed to propose a
novel yet simple mechanism that has the same motivations
as the work in [1], which is to provide multiple levels of
UEP for the transmission of multiple classes of multimedia
or progressive data streams. More specifically, the proposed
scheme uses two different modulation schemes and a power
sharing factor between the two transmit antennas of the
Alamouti structure to enable the simultaneous transmission
of four classes of multimedia data streams requiring
different levels of error protection. In this paper, the
proposed system uses 16 hierarchical QAM as the
modulation technique, which allows four levels of UEP.
However, this can be easily extended to more levels using
higher orders of HQAM.
The remainder of this paper is organised as follows:

Section 2 describes the system model and discusses three
components of the proposed scheme, namely HM, SSD and
the Alamouti structure. The theoretical model for the bit
error rate (BER) performance analysis of the proposed
system is discussed in Section 3. The theoretical model has
been validated through extensive simulations and these are
presented in Section 4. The final conclusions are then
discussed in Section 5.

2 System model

The structure of the proposed system is shown in Fig. 1.
The proposed system currently is a multiple-input and

single-output (MISO) system, however, it can be extended
to a multiple-input multiple-output (MIMO). In Fig. 1, the
modulation blocks consist of two processes, namely HM
and SSD. Each modulator i, i = 1, 2, has its unique HM
constellation parameter that determines the level of UEP

provided for the HP and LP bits being modulated. Sets of
the HM symbols from modulator i are then rotated and
interleaved in the SSD process. The output symbols from
SSD are then transmitted over the wireless channel using
the Alamouti scheme. There are also two power
proportionality factors p1 and p2, where p1 is for antenna 1
and p2 is for antenna 2. These two factors determine how
the transmit power is proportioned between two antennas in
the Alamouti scheme. Varying the relative difference
between p1 and p2 varies the level of UEP for the two HM
streams transmitted via the respective antenna. In the
Combiner block at the receiver, the signals from the two
transmit antennas are combined based on the detection of
the Alamouti scheme. The combined signals are then
passed to the Demodulator block, which includes the
de-interleaved process and maximum likelihood (ML)
detection. The details of the UEP HM, SSD and the
Alamouti processes are discussed in the following
subsections.

2.1 Hierarchical modulation

Each modulation block shown in Fig. 1 assumes two separate
input bit streams which are of unequal importance. The HM
modulator assigns two bits from the HP stream to the most
significant bit (MSB) position in the in-phase and
quadrature component of each symbol. The remaining bit
positions in the in-phase are assigned half of the LP bits,
whereas the other half of the LP bits are assigned to the
quadrature component of each symbol. The HM symbols
are labelled according to a grey-encoded mapping
procedure [16], which provides the UEP for the two input
bit streams. The level of relative UEP between the two
streams is controlled by varying the distances between
the constellation points. This is implemented by varying the
ratio α = a/b, where a and b are the distances between the

Fig. 1 Proposed system model
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constellation points and the respective decision boundaries as
shown in Fig. 2. The ratio α is commonly referred to as the
hierarchical or constellation parameter. In the proposed
system model shown in Fig. 1, each modulator has its
unique α value (α1 for modulator 1 and α2 for modulator 2)
and each antenna has its own power factor (p1 for antenna
1 and p2 for antenna 2). The α for a modulator determines
the relative UEP between the HP and LP streams that is
modulated by the modulator, while the relative p values for
the two antennas determine the relative UEP between the
two sets of HM streams transmitted by the two antennas.
As an example, assuming antenna 1 is used to transmit HP
and LP streams HP1 and LP1 and antenna 2 is used to
transmit high and low streams HP2 and LP2, increasing α1
and α2 in each modulator will increase the level of
protection for HP1 at the expense of LP1 and HP2 at the
expense of LP2, respectively, whereas increasing p1, and
relatively decreasing p2, will increase the level of protection
for HP1 and LP1 at the expense of HP2 and LP2. The
novelty in this is that the power factors for each antenna
lead to UEP in a manner similar to the hierarchical
parameter, but between the two sets of HM streams on the
two antennas. Thus, by varying α1, α2, p1 and p2, the
proposed system allows for the UEP of four different bit
streams of multimedia traffic. As an example, assuming
there are four input data streams ds1, ds2, ds3 and ds4 with
ds1 requiring the highest level of protection and ds4
the lowest, the data streams are allocated to the HM-based
UEP system as follows: If α2 > α1 and p2 > p1, then ds1
is transported through the HP bit stream of antenna 2, ds2 is
transported through the HP bit stream of antenna 1, ds3 is
transported through the LP bit stream of antenna 2 and ds4
is transported through the LP bit stream of antenna 1.

2.2 Signal space diversity

Without consuming any additional bandwidth, transmit
power or space, SSD is a technique that takes advantage of
the intrinsic diversity of multi-dimensional constellations to
improve BER performance. The implementation of the SSD
mechanism for the UEP Alamouti transmit diversity
technique shown in Fig. 1 is as follows. Let xIi and xQi
represent the in-phase and quadrature components of the
HQAM symbol xi. Four consecutive HQAM symbols (two
from each modulator) xi = xIi + jxQi where i∈ {1, 2, 3, 4},
are rotated using the rotation matrix in (1) [3].

Ruk = cos uk sin uk
−sin uk cos uk

[ ]
(1)

The corresponding in-phase and quadrature components x̃Ii
and x̃Qi of the rotated HQAM symbol x̃i are given by
x̃Ii x̃Qi

[ ] = xIi xQi
[ ]

Ruk , k [ 1, 2{ }.
In [3] the rotation angle θk is dependent on the HQAM

hierarchy parameter α and was calculated based on the
design criteria for the HQAM modulation. In the design
criteria approach, the geometry of the HQAM constellations
is analysed and a θk is chosen which maximises the
minimum Euclidian distance between the constellation
points. The θk is determined by calculating the inverse of (2).

tan uk =
ak

ak + 3
(2)

Returning to the description of the SSD process, the rotated
symbol streams are then grouped into pairs and passed
through a component interleaver where the in-phase and the
quadrature components in each pair are interleaved to
produce new symbol pairs as shown in (3). As a result, the
in-phase and the quadrature components of each x̃i
experiences independent fading.

si = x̃Ii + jx̃Qi+2 i [ 1, 2{ } (3a)

si = x̃Ii + jx̃Qi−2 i [ 3, 4{ } (3b)

2.3 UEP Alamouti scheme

The proposed UEP Alamouti scheme operates as follows: The
two symbol pairs (s1, s2) and (s3, s4) are simultaneously
transmitted in time slot 1 and slot 3, respectively, whereas
−s∗2, s

∗
1

( )
and −s∗4, s

∗
3

( )
are simultaneously transmitted in

time slot 2 and slot 4 (‘*’ denotes the complex conjugate).
This encoding and transmission sequence is shown in
Table 1.
The symbols are transmitted over fading channel hi, i∈ {1,

2, 3, 4} and is perturbed by additive white Gaussian noise
(AWGN) ni, i∈ {1, 2, 3, 4}. It is assumed that hi remains
constant during every pair of time slots and takes
independent values from one pair of time slots to another.
The received signals in each time slot are given by

r1 = p1h1s1 + p2h2s2 + n1 (4a)

r2 = −p1h1s
∗
2 + p2h2s

∗
1 + n2 (4b)

r3 = p1h3s3 + p2h4s4 + n3 (4c)

r4 = −p1h3s
∗
4 + p2h4s

∗
3 + n4 (4d)

where pi, i∈ {1, 2} is the power factor for each antenna given
by

p1 = (1− q) (5a)

Fig. 2 4/16-QAM hierarchical constellations

Table 1 Encoding and transmit sequence for the Alamouti
scheme

Time slot 1 Time slot 2 Time slot 3 Time slot 4

antenna 1 s1 −s∗2 s3 −s∗4
antenna 2 s2 s∗1 s4 s∗3
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p2 = (1+ q) (5b)

where q represents the ratio of power shared between the two
antennas in the Alamouti STBC structure. The other variables
in (4) are as follows: si, i∈ {1, 2, 3, 4} are the interleaved
symbols defined in (3); ni, i∈ {1, 2, 3, 4} are independent
and identically distributed (i.i.d) entries according to the
complex Gaussian distribution CN (0, 1) and hi, i∈ {1, 2,
3, 4} where hi = rie

jui denotes the channel fading from the
transmit antennas in each respective time slot. The
amplitude ρi is modelled as the Rayleigh distributed random
variable according to

f ri
( ) = ri

s2
exp − ri

s2

( )
(6)

where E[(ρ)2] = ρ2 is the average fading power.
The received signals at the receiver are then combined

according to an adaptation of the Alamouti scheme (given
in [15]) using (7).

y1 = h1
( )∗

r1 + h2 r2
( )∗( )

/p1 (7a)

y2 = h2
( )∗

r1 − h1 r2
( )∗( )

/p2 (7b)

y3 = h3
( )∗

r3 + h4 r4
( )∗( )

/p1 (7c)

y4 = h4
( )∗

r3 − h3 r4
( )∗( )

/p2 (7d)

The recombined signals are then de-interleaved and passed
through the ML detector using the decision rules in (8),
which are presented in [17]

x̂1 = argmin
x̃i[S̃

m2 yI1 − m1x̃
I
i

∣∣ ∣∣2 +m1 yQ1 − m2x̃
Q
i

∣∣∣ ∣∣∣2{ }
(8a)

x̂2 = argmin
x̃i[S̃

m2 yI2 − m1x̃
I
i

∣∣ ∣∣2 +m1 yQ2 − m2x̃
Q
i

∣∣∣ ∣∣∣2{ }
(8b)

x̂3 = argmin
x̃i[S̃

m1 yI3 − m2x̃
I
i

∣∣ ∣∣2 +m2 yQ3 − m1x̃
Q
i

∣∣∣ ∣∣∣2{ }
(8c)

x̂4 = argmin
x̃i[S̃

m1 yI4 − m2x̃
I
i

∣∣ ∣∣2 +m2 yQ4 − m1x̃
Q
i

∣∣∣ ∣∣∣2{ }
(8d)

where x̃i = x̃Ii + jx̃Qi ; S̃ represents rotated constellation set;
x̂i, i∈ {1, 2, 3, 4} represent the detected symbol for the
respective time slots; μ1 = |p1h1|

2 + |p2h2|
2 and μ2 = |p1h3|

2 +
|p2h4|

2.

3 Performance analysis

One of the first attempts at the performance analysis of HM is
presented by [16] in which the BER is determined by
considering the probability that a transmitted symbol
exceeds a set decision boundary and thus results in an error.
This approach becomes unnecessarily complicated and
time-consuming when the symbols are rotated as in SSD.
Simpler BER expressions for hierarchical 16-QAM with
SSD is derived in [3] using a nearest neighbourhood (NN)
approach and are shown to be highly accurate. The

expressions in [3] are modified in this section to derive an
accurate approximation of the BER for the proposed HM
and SSD-based UEP Alamouti scheme.
The BER for the HP bits transmitted using each antenna in

the UEP Alamouti transmit diversity HM SSD system is
given by [4]

PHP = 1

2
P(XB � XC)+

1

8
P(XB � XD)+

1

8
P(XE � XC)

(9)

In (9), P(XB→ XC) represents the pairwise error probability
(PEP) of perpendicular neighbouring symbols of the
constellation set as shown in Fig. 3, and is given by (see (10))

where �g is the average signal-to-noise ratio (SNR) per
hierarchical 16-QAM symbol; pi, i∈ {1, 2} is the power
factor for each antenna given by (5); θ is the optimum
rotation angle; Sk = 2sin2(kπ/2n); b1 = a2

i / a2
i + 2ai +

((
2)),

where αi, i∈ {1, 2} is the hierarchical parameter for each
antenna; and n is the number of summations. n greater than
6 will result in an accurate approximation. P(XB→ XD) and
P(XE→ XC) represent the PEP of diagonal neighbouring
symbols as given by (11) and (12). (See equation (11) and
(12) on the bottom of the next page) where
b2 = 1/ a2

i + 2ai + 2
( )

.
The BER for the LP bits is given by

PLP = P(XA � XB) (13)

where P(XA→ XB) represents the PEP such that a transmitted
symbol is detected as a perpendicular neighbour within the
same quadrant (as shown in Fig. 3) and is given by (see
equation (14) on the bottom of the next page).

The BERs of the data streams transmitted via antennas 1 and
2 are calculated using (9) and (13), and the subsequent PEP

Fig. 3 Rotated HQAM constellations

P XB � XC

( ) = 1

4n

2

2+ pi�gb1 cos2 u

( )
2

2+ pi�gb1 sin
2 u

( )
+ 1

2n

∑n−1

k=1

Sk
Sk + pi�gb1 cos2 u

( )
Sk

Sk + pi�gb1 sin
2 u

( )
(10)
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expressions, with the index i of αi and pi being 1 for antenna 1
and 2 for antenna 2.
Furthermore, it was observed in [4] that a 2 × 1 Alamouti

transmission system can be regarded as a 1 × 2 MRC
receive diversity system with a 3 dB penalty. Similarly,
since a 2 × 1 Alamouti transmitted hierarchical QAM with
SSD can be regarded as a 1 × 2 hierarchical QAM with
SSD, the average SNR variable, �g, in (10)–(12) and (14) is
divided by 2 to incorporate the 3 dB penalty.

4 Simulations and discussion

The theoretical expressions mentioned in the last section are
plotted in this section to show the performance of the
proposed HM SSD Alamouti transmit diversity UEP
mechanism. In addition, the proposed system was
implemented in MATLAB and extensive Monte-Carlo
simulations were conducted. The simulations were conducted
under the i.i.d. Rayleigh fading channel with AWGN as
defined in Section 2. As discussed in the system model of the
proposed system, it is assumed that each modulation block in
Fig. 1 receives two separate input bit streams carrying data of
unequal importance, thus the system provides UEP to four bit
streams requiring different levels of protection. In the first
subsection, the performance of the proposed system without
the SSD component of the system, that is, the UEP Alamouti
scheme with only HM is presented, whereas in the second
subsection the results of the complete UEP Alamouti scheme
with HM and SSD are presented.

4.1 Almouti STBC HM without SSD

In the first half of the system performance study, the system is
configured to use the Alamouti STBC HM without SSD. On
varying the two parameters αi and pi, i∈ {1, 2}, on each
transmit antenna leads to four scenarios: (1) α1 = α2 and
p1 = p2; (2) α1≠ α2 and p1 = p2; (3) α1 = α2 and p1≠ p2 and
(4) α1≠ α2 and p1≠ p2. In scenario 1, the system only
provides two levels of UEP for two types of data, while in all
the other scenarios, the system provides four levels of UEP
for four types of multimedia data. Given that the objective of
the system is to provide UEP for four classes of traffic, only
scenarios 2–4 are considered in the performance study.

In scenario 2 mentioned previously, the system uses a
different α value in the modulation block for each antenna,
for example, with α1 = 1 for antenna 1 and α2 = 3 for
antenna 2, while keeping the power on each antenna the
same, that is, p1 = p2 = 1. This is equivalent to running two
concurrent HM processes with varying hierarchical
parameters. The graphs presented in Fig. 4a show how such
a structure can be used to provide UEP for four classes of
multimedia data. The theoretical and simulation curves are
shown using the solid lines and markers, respectively. The
HP and LP streams on antenna 1 are represented in Fig. 4a
as HP1 and LP1 and the HP and LP streams on antenna 2
as HP2 and LP2. The theoretical results are based on (9)
and (13) with θ = 0. The curves in Fig. 4a show the high
accuracy of the theoretical expressions used to model the
proposed system.
In scenario 3, the system keeps the hierarchical parameter α

for both antennas the same; for example, α1 = α2 = 3, while
varying powers allocated to the two antennas with p1 = 0.5
and p2 = 1.5. In this case, although the HM processes on both
antennas are equivalent, the varying of the power factor leads
to UEP for four classes of traffic. Comparing the set of BER
curves for the two antennas in Fig. 4b, it can be observed
that the relative increasing of the power factor for antenna 2
leads to relatively better BER performance for the data
streams transmitted using antenna 2 as compared to those
transmitted using antenna 1. Thus this power factor can be
used to provide UEP between each set of bit streams on each
antenna in a manner similar to HM, which provides UEP for
each bit stream within the set. Once again the theoretical and
simulation curves are shown using solid lines and markers,
respectively, and it can be seen that the simulation results
also validate the system theoretical performance.
In the final scenario, the system varies both parameters

between the two antennas with α1 = 2.0 and p1 = 0.5 for
antenna 1, and α2 = 3.0 and p2 = 1.5 for antenna 2. The
BER curves are shown in Fig. 4c with solid lines for the
theoretical results and the markers for the simulation results.
In this scenario the system also provides four levels of UEP
for four classes of multimedia traffic.
The study of the BER curves shown in Figs. 4a–c leads to the

following summary on the effect of the two system parameters
on the BER curves, and thus the level of UEP, for the data
transmitted by the system. As expected of HM-based systems,

P(XB � XD) =
1

4n

2

2+ pi�gb2 aicos u− sin u
( )2

( )
2

2+ pi�gb2 aisin+ cos u
( )2

( )

+ 1

2n

∑n−1

k=1

Sk

Sk + pi�gb2 aicos u− sin u
( )2

( )
Sk

Sk + pi�gb2 aisin+ cos u
( )2

( )
(11)

P XE � XC

( ) = 1

4n

2

2+ pi�gb2 aicos u+ sin u
( )2

( )
2

2+ pi�gb2 aisin− cos u
( )2

( )

+ 1

2n

∑n−1

k=1

Sk

Sk + pi�gb2 aicos u+ sin u
( )2

( )
Sk

Sk + pi�gb2 aisin− cos u
( )2

( )
(12)

P XA � XB

( ) = 1

4n

2

2+ pi�gb2 cos2 u

( )
2

2+ pi�gb2 sin
2 u

( )
+

∑n−1

k=1

Sk
Sk + pi�gb2 cos2 u

( )
Sk

Sk + pi�gb2 sin
2 u

( )
(14)
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the relative difference between the hierarchical parameter value
(α) for each antenna leads to the relative UEP for the HP and LP
streams on each antenna, with a higher level of protection for the
HP stream when compared to the LP stream when the α is high
and a lower level of protection for the HP stream when it is low.
On the other hand, the relative difference between the power
factor value (p) for each antenna leads to a relative UEP
difference for both sets of data streams transmitted using
antennas 1 and 2. Thus, a higher p value for antenna 2 will
lead to lower BER curves, and hence results in higher relative
UEPs, for both the HP and LP streams on antenna 2 as
compared to antenna 1. Thus, these two system parameters in
combination therefore enable the novel yet simple system to
flexibly provide UEP for four classes of multimedia traffic
with varying UEP requirements.

4.2 Alamouti STBC HM with SSD

The complete UEP Alamouti STBC HM SSD system is
discussed in this subsection. In terms of the simulation
study of the system, the simulation scenarios are the same
as those for the system without the SSD mechanism, which
was discussed in Section 4.1. The results for scenarios 2–4
can be seen in Fig. 5, and they show how the simple yet

novel transmit diversity can be used to provide UEP for
four classes of multimedia traffic. Once again the solid lines
are for the theoretical results and the markers are for the
simulation results.
The curves in Figs. 5a–c show a close match between the

simulation and the theoretical formulation of the system at a
BER rate above 10−3. However, below this BER rate there is
a discernible difference between the theory and simulation,
especially for the ‘Antenna 2, HP’ curves. Upon further
analysis of the system operation, it was noted that due to the
interleaving process of the SSD mechanism, the in-phase
and quadrature-phase components of each symbol
experience asymmetric fading through the transmission
process. In order to compensate for this, an asymmetric
fading coefficient (between 0 and 1) was introduced
heuristically to reduce the SNR on the quadrate component
(relative to the in-phase component) in the expressions used
to determine the system BERs. Currently, the value of the
coefficient has been determined numerically, but in future
work, a more rigorous mathematical analysis of this aspect
of the system will be investigated. However, the introduction
of this asymmetric fading coefficient leads to a much closer
match between the theoretical and simulation curves
throughout the BER range. As an example, the results from

Fig. 4 BER of the UEP Alamouti STBC HM system in scenarios 2–4
a Scenario 2
b Scenario 3
c Scenario 4

www.ietdl.org

IET Commun., 2014, Vol. 8, Iss. 17, pp. 3128–3135
doi: 10.1049/iet-com.2014.0350

3133
& The Institution of Engineering and Technology 2014



scenario 3 are shown Fig. 6, and a much closer match can be
seen between the theoretical and simulation curves when

compared to the equivalent curves in Fig. 5a, especially for
the HP2 data stream at BER rates below 10−3.

Fig. 6 BER of the UEP Alamouti STBC HM SSD system in
scenario 2 (with asymmetric fading coefficient)

Fig. 7 Comparison of the UEP Alamouti HM system with and
without SSD

Fig. 5 BER of the UEP Alamouti STBC HM SSD system in scenarios 2–4
a Scenario 2
b Scenario 3
c Scenario 4
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In terms of the overall objectives of the proposed system,
the system in this configuration achieves the same outcome
as that achieved in the configuration without the SSD
mechanism, in that, the varying of HM modulation
parameter and the power factor between the two antennas
of the UEP Alamouti structure allows the system to support
four classes of multimedia data requiring different levels of
error protection.
Finally, the motivation for incorporating the SSD

mechanism into the UEP Alamouti STBC HM system is
shown by presenting the performance improvement of the
system with SSD as compared to without SSD. Fig. 7
compares the theoretical performance of the system with
and without the SSD mechanism. In the setup for the
comparison, the hierarchical parameters are α1 = 1 for
antenna 1 and α2 = 3 for antenna 2, while the power factor
on each antenna is the same, that is, p1 = p2 = 1. As the
graphs in Fig. 7 show, there is a noticeable improvement in
incorporating the SSD mechanism into the transmit
diversity system. To get a numerical measure of the
improvement, if the BER of the HP bit streams transmitted
using antenna 2 (Antenna 2, HP2 in Fig. 7) at a BER of
10−4 is considered, the Alamouti STBC HM SSD system
demonstrates an approximate gain of 2 dB over the
Alamouti STBC HM system without the SSD component.
The first aspect of the SSD scheme which results in this
improved error performance is constellation rotation. The
rotation causes each transmitted symbol to have two distinct
components, which reduces the possibility of error in the
symbol detection. The second aspect is the component
interleaving which results in independent fading for each
component. This increases the chance of the detector
recovering the original symbol even if one component,
in-phase or quadrature-phase, is affected by channel fading.

5 Conclusion

In this study, a simple UEP mechanism for the simultaneous
transmission of different classes of multimedia traffic was
presented. The mechanism was based on a Alamouti STBC
transmission system using HM with and without SSD, in
which the level of hierarchy using rotated HM and the
power proportioned between the two transmit antennas was
varied to produce UEP for different traffic streams. It was
demonstrated via accurate theoretical and simulations results
that the proposed UEP Alamouti transmit diversity system
with HM can be easily configured and used for the
transmission of four classes of multimedia traffic. It was
shown that the incorporation of the SSD mechanism into
the base UEP Alamouti STBC HM scheme further
enhances the BER performance of the system. In future

work, the system’s two adaptable parameters, namely the
level of hierarchy using rotated HM and the power
proportionality parameter, will be used to design a channel
adaptive multimedia traffic transmission system.

6 References

1 Chang, S., Rim, M., Cosman, P.C., Milstein, L.B.: ‘Optimized unequal
error protection using multiplexed hierarchical modulation’, IEEE
Trans. Inf. Theory, 2012, 58, (9), pp. 5816–5840

2 Digital Video Broadcasting (DVB); Framing Structure, Channel Coding
and Modulation for Digital Terrestrial Television, ETSI EN 300 744
V1.5.1, November 2004

3 Saeed, A., Quazi, T., Xu, H.: ‘Hierarchical modulated QAM with signal
space diversity and MRC reception in Nakagami-m fading channels’.
IET Commun., 2013, 7, (12), pp. 1296–1303

4 Saeed, A., Xu, H., Quazi, T.: ‘Alamouti space-time block coded
hierarchical modulation with signal space diversity and MRC
reception in Nakagami-m fading channel’, IET Commun., 2014, 8, (4),
pp. 516–524

5 Wang, S., Kwon, S., Yi, B.K.: ‘On enhancing hierarchical modulation’.
Proc. IEEE Int. Symp. Broadband Multimedia Systems and
Broadcasting, 2008, pp. 1–6

6 Zhao, H., Zhou, X., Yang, Y., Wang, W.: ‘Hierarchical modulation with
vector rotation for E-MBMS transmission in LTE systems’, J. Electr.
Comput. Eng., Hindawi Publishing Corporation, 2010, 2010, pp. 1–9

7 Calderbank, A.R., Seshadri, N.: ‘Multilevel codes for unequal error
protection’, IEEE Trans. Inf. Theory, 1993, 39, (4), pp. 1234–1248

8 Morimoto, M., Harada, H., Okada, M., Komaki, S.: ‘A study on power
assignment of hierarchical modulation schemes for digital broadcasting’,
IEICE Trans. Commun., 1994, E77-B, pp. 1495–1500

9 Stukavec, R., Kratochvil, T.: ‘Performance of hierarchical modulation in
DVB-T’. 20th Int. Conf. Radioelektronika, 2010, pp. 1–4

10 Pursley, M.B., Shea, J.M.: ‘Nonuniform phase-shift-key modulation for
multimedia multicast transmission in mobile wireless networks’, IEEE
Sel. Areas Commun., 1999, 5, pp. 774–783

11 Hossain, J., Vitthaladevuni, P.K., Alouini, M.-S., Bhargava, V.K.,
Goldsmith, A.J.: ‘Adaptive hierarchical modulation for simultaneous
voice and multiclass data transmission over fading channels’, IEEE
Trans. Veh. Technol., 2006, 55, (4), pp. 1181–1194

12 Arslan, S.S., Cosman, P.C., Milstein, L.B.: ‘Coded hierarchical
modulation for wireless progressive image transmission’, IEEE Trans.
Veh. Technol., 2011, 60, (9), pp. 4299–4313

13 Ghandi, M., Barmada, B., Jones, E., Ghanbari, M.: ‘Unequally error
protected data partitioned video with combined hierarchical
modulation and channel coding’. Proc. IEEE Int. Conf. Acoustics,
Speech Signal Processing, 2006, vol. 2, pp. II-529–II-532

14 Hu, Z., Liu, H.: ‘A low-complexity LDPC decoding algorithm for
hierarchical broadcasting: design and implementation’, IEEE Trans.
Veh. Technol., 2013, 62, (4), pp. 1843–1849

15 Alamouti, S.M.: ‘A simple transmit diversity technique for wireless
communications’, IEEE J. Sel. Areas Commun., 1998, 16, (8),
pp. 1451–1458

16 Vitthaladevuni, P.K., Alouini, M.S.: ‘BER computation of 4/M-QAM
hierarchical constellations’, IEEE Trans. Broadcast., 2001, 47, (3),
pp. 228–239

17 Ying, R., Wang, M.Z.: ‘Performance analysis of full-rate STBCs from
coordinate interleaved orthogonal designs’. Proc. IEEE Int. Conf.
Communications, 2007, pp. 4610–4615

www.ietdl.org

IET Commun., 2014, Vol. 8, Iss. 17, pp. 3128–3135
doi: 10.1049/iet-com.2014.0350

3135
& The Institution of Engineering and Technology 2014



Copyright of IET Communications is the property of Institution of Engineering & Technology
and its content may not be copied or emailed to multiple sites or posted to a listserv without
the copyright holder's express written permission. However, users may print, download, or
email articles for individual use.


