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a b s t r a c t

In this work we study the effect of hierarchical modulation on completion time minimization in wireless
broadcast channels. Time needed to transmit all bits intended for a particular user is defined as its com-
pletion time. In this work we investigate minimizing the maximum completion time over all users in a
broadcast channel using hierarchical modulation. We compare time division, opportunistic scheduling,
and three different adaptive modulation schemes: rate adaptive hierarchical modulation assisted trans-
mission (HA), modified HA (MHA) and optimal HA (OHA). While HA aims at maximizing total throughput,
OHA minimizes the maximum completion time, and MHA provides an intermediate solution. It is
observed that OHA always chooses the best superposition order and the constellation size to minimize
the maximum completion time.

� 2016 Elsevier GmbH. All rights reserved.

1. Introduction

In a two-user broadcast channel, there is one source and two
destination nodes. The source node has two distinct messages for
each one of the destinations. This channel was introduced in [1]
and superposition coding was suggested as an achievability
scheme. It was shown in [2] that superposition coding is optimal
for the degraded broadcast channel.

The practical way to implement superposition coding in digital
broadcast systems is via hierarchical modulation with multistage
decoding [3–6]. A two-level hierarchical signal constellation can
be thought of as a superposition of two different signal constella-
tions with different minimum distances. Signal points are non-
uniformly placed, and base and enhancement layer bits in a symbol
are protected at different levels. Hierarchical modulation has many
application areas such as in relay channels [7–9] and scalable video
broadcast [10,11].

In a point-to-point channel, when channel state information is
available at the transmitter, modulation, coding and transmission
power can be adapted to channel conditions for enhanced through-
put and spectral efficiency [12]. For example, in [13], a turbo trellis
coded modulation is designed that performs very close to the

capacity region of a given degraded broadcast channel. In general,
time-varying wireless channels have continuous probability den-
sity functions, and capacity achieving joint modulation and coding
design for each channel gain pair is not feasible. Instead, for a fixed
coding scheme, modulation schemes can be adapted to channel
conditions. In [14,15], a rate adaptive hierarchical modulation-
assisted two-user opportunistic scheduling scheme is proposed
for enhanced total spectral efficiency. In this scheme, whenever
channel conditions can accommodate two users; i.e. satisfying
individual bit error rate requirements, hierarchical modulation is
used for simultaneous transmission. Otherwise, single user trans-
mission is continued. Power control for scheduling with hierarchi-
cal modulation is studied in [16]. It is also shown in [17] that via
the two-best user scheduling scheme of [14], in a wireless network
buffers are less occupied and channel access delay is lower. Hierar-
chical constellations can also lower transmission delays and can
accommodate different priority level packets simultaneously,
increasing the overall throughput [18].

The above mentioned studies focus on maximizing total
throughput. In [19], authors take a different approach, and recon-
sider adaptive modulation for network utility maximization for
multiple flow single-link and multiple interfering links. In this
work, we seek for an adaptive hierarchical modulation scheme that
minimizes the maximum completion time in a two-user broadcast
channel. Completion time is defined as the time that is spent from
the generation of a packet till its successful reception [20,21]. The
completion time metric is of interest when delay-sensitive
information, such as real-time video, is being transmitted. In such
systems, each user wishes to receive its own information as soon
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as possible. Moreover, some loss in throughput can be tolerated as
long as the requested information arrives in a timely manner.

In multiuser settings, maximizing throughput is not equivalent
to minimizing completion time. For example, in a two-user broad-
cast channel, for maximum sum throughput, communication must
take place only with the user with better channel conditions. With
this approach the worse user always has to wait for the better user
and this is clearly suboptimal in terms of completion time. In this
work, we compare the maximum completion time performances of
time division (TD), opportunistic scheduling (OS), and rate adap-
tive hierarchical modulation assisted transmission (HA) [14] with
the newly proposed modified HA (MHA) and optimal HA (OHA).
While HA aims at maximizing total throughput, OHA is the solu-
tion of the smallest completion time problem. The MHA scheme
is shown to perform in between HA and OHA. Depending on how
fast channel conditions change, OHA introduces significant gains
with respect to HA and MHA.

Next, we introduce the system model in Section 2 and state the
transmission protocols in Section 3. We present the numerical
results in Section 4, and finally conclude in Section 5.

2. System model

In this work, we study a block fading broadcast channel with
two receivers. The input-output relations are given as

Y1;b;i ¼ h1;bXb;i þ Z1;b;i ð1Þ

Y2;b;i ¼ h2;bXb;i þ Z2;b;i; ð2Þ
where b is the block index b ¼ 1;2; . . ., and i is the symbol index
within block b; i ¼ 1; . . . ;n. Here Xb;i denotes the signal the source
transmits, and Yl;b;i and Zl;b;i respectively denote the received signal
and the noise at node l; l ¼ 1;2, in block b at symbol index i. We
assume Zl;b;i are independent and identically distributed (i.i.d.) com-
plex Gaussian random variables with zero mean and variance N0.
Each block lasts for n channel uses, i.e. the channel remains fixed
for i ¼ 1; . . . ; n, and changes independently from one block to the
other. The channel gains, hl;b are assumed to be i.i.d. complex Gaus-
sian with zero mean and unit variance. Channel state information is
available both at the source and the receivers. The average symbol
energy at the source is E. The received signal to noise ratio (SNR)
values at the destinations are respectively denoted with c1;b and

c2;b, where cl;b ¼ jhl;bj2E=N0. The source node has two packets of
length L1 and L2, respectively destined to the first and the second
receivers. There are fixed target bit error rate constraints at each
of the receivers, respectively equal to p1 and p2.

We consider simultaneous transmission to both users via hier-
archical modulation. A symbol Xb;i is composed of base and
enhancement layer bits, each layer destined to one of the receivers.
In N=M QAM, log2N and log2ðM � NÞ bits are respectively transmit-
ted to the base and enhancement layer users. The base layer user
only decodes its own bits, while the user served in the enhance-
ment layer decodes both base and enhancement layers, although
its information is only in the enhancement layer.

We assume the channel coherence time is long, i.e. n is large
and when transmission to the two users take place simultaneously,
both users’ packets are delivered within the coherence time. How-
ever, due to differences in packet lengths, reliability constraints
and transmission rates, both receivers do not necessarily finish
receiving their packets at the same time or even simultaneous
transmission is not possible. Thus, we investigate two cases:

Case (i): Scheduling decisions and the modulation scheme to be
used are determined at the beginning of each block and remain
fixed until the next block.

Case (ii): Scheduling decisions and the corresponding modula-
tion scheme can change within a block.

We elaborate on the details of these cases in Section 3, when we
introduce the transmission schemes.

In the next section,we introduce the protocols timedivision (TD),
opportunistic scheduling (OS), hierarchical modulation assisted
transmission (HA), modified HA (MHA), and the optimal HA (OHA).
Let TC1;m and TC2;m denote the completion times for each one of the
receivers for protocol m;m ¼ fTD; OS; HA; MHA; OHAg. Then the
completion time for protocol m is defined as the maximum of the
individual values, TC;m ¼ maxfTC1; TC2g, measured in terms of the
number of symbol intervals. In Section 4, we compare these trans-
mission schemes in terms of their achievable TC;m for both cases (i)
and (ii).

3. Transmission schemes

In this section TD, OS, HA, MHA and OHA transmission protocols
are explained in detail.

3.1. Time division (TD)

In TD, the users are served in tandem. We consider M-ary
quadrature amplitude modulation (QAM) signal constellations,
where M ¼ 4;16;64 or 256. The exact bit error rate expressions
for uniform square QAM constellations are given in [22]. Using
these expressions, we find the received SNR threshold value gM ,
for which the exact bit error rate for M-QAM equals pl, the target
bit error rate of user l. Then, in TD, when a user l; l ¼ 1;2, is to be
served, the source node chooses the largest modulation scheme,
which satisfies user l’s reliability constraint pl. In other words, it
seeks for the largest M for which cl;b P gM for M-QAM to be feasi-
ble. If the channel condition is too poor to support even 4-QAM,
then the source node waits for n channel uses for the channel to
change.

In TD, we assume that user 1 is always scheduled the first. The
source node transmits to user 1 with the largest feasible modula-
tion scheme that satisfies the bit error rate constraint p1. If no such
constellation is present, transmission is delayed until the next
block. Suppose for the first B� 1 blocks, c1;b < g4, and user 1 is able
to transmit its packet in block B, which lasts for I symbols. Then for
case (i), there is no transmission for the remaining n� I symbols in
block B. The second user can start its transmission in block Bþ 1, if
c2;Bþ1 > g4. Suppose the second user waits for b blocks for a favor-
able channel and its transmission last f symbols. Then

TðiÞ
C;TD ¼ maxfðB� 1Þnþ I; Bnþ bnþ fg. Otherwise, it waits until a

favorable channel condition occurs. In case (ii), transmission to
the second user can immediately start in block B, at symbol index

I þ 1 if c2;B > g4. Then TðiiÞ
C;TD ¼ maxfðB� 1Þnþ I; ðB� 1Þnþ I þ fg. If

the second user cannot start its transmission in block B and waits

b more blocks, TðiiÞ
C;TD ¼ maxfðB� 1Þnþ I;Bnþ bnþ fg.

As the above example shows, case (i) is reminiscent of a slotted
ALOHA scheduling policy. Case (ii), on the other hand, allows for a
user to be scheduled immediately after the previous one ends, i.e.
within the same block. This refers to a more complex scheduling
scheme, which requires better synchronization and coordination
in a wireless network.

3.2. Opportunistic scheduling (OS)

The OS protocol is the same as TD except the user with the lar-
ger channel gain is served the first. As the user served the second
waits for the first, it is meaningful to schedule the user with smal-
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