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Abstract—This paper discusses interference precancellation in digital
hierarchical broadcasting (HB). In particular, we present the principles
and implementation of structured dirty paper coding (SDPC) that ap-
proaches the capacity limit of dirty paper coding in multilayer broadcast-
ing. As an alternative to Tomlinson–Harashima precoding (THP), SDPC
eliminates the significant performance loss suffered by THP in the low
signal-to-noise ratio (SNR) regime due to the modulo operation. The
key idea behind the SDPC scheme is the exploitation of the modulation
structure of interference, thereby simplifying the demodulation process in
hierarchical reception. We exemplify the SDPC technique by implementing
an SDPC-based HB system on a real-time test bed. The experimental
results show that SDPC delivers the performance of “superposition coding
with successive interference cancellation” without extra computation or
memory requirements at the receiver side.

Index Terms—Dirty paper coding, hierarchical broadcasting, structured
dirty paper coding, Tomlinson–Harashima precoding.

I. INTRODUCTION

In digital TV or other wireless/wireline broadcasting applications,
users at different locations will experience different channel qualities
and signal strengths [1]. Ideally, users with better signal strength
should be able to receive more information [e.g., high-definition
TV (HDTV)] from the broadcasting source than those with lower
signal strength (and, therefore, only the basic program). This can be
achieved through the combination of source coding and hierarchical
modulation [2]–[5]. The most commonly used hierarchical modulation
scheme is hierarchical quadratic-amplitude modulation (QAM), where
quaternary phase-shift keying (QPSK) carrying the first data stream
is combined with another QAM carrying the second data stream,
forming a multilevel superposition code [6]. The first QAM enables
the basic program with a relatively low reception threshold, whereas
the second QAM delivers additional information that can only be
decoded at a higher reception threshold (for example, see Digital Video
Broadcasting—Terrestrial (DVB-T) [1]).

While hierarchical QAM is intuitively simple, it suffers from some
performance loss relative to regular QAM. The prime cause of the
degradation is the cross interference between multiple data streams. To
achieve the true channel capacity, superposition coding or hierarchical
QAM with successive cancellation (HQAM-SC) must be employed to
recover the loss in hierarchical QAM with independent demodulation
(HQAM-ID). This inevitably leads to an extra cost that is sometimes
prohibitive in both computation and memory at the receiver side.
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Fig. 1. (a) DPC implementation with THP. (b) DPC implementation with known interference structure.

Dirty paper coding (DPC) provides an intriguing alternative to
receiver-end successive cancellation with interference precancellation
at the transmission side [7]. Based on the results from Costa’s ground-
breaking paper in 1983, the capacity of a power-constrained channel
with known interference is the same as that without interference.
The hierarchical broadcasting (HB) situation can be precisely cast
into a DPC framework, where multiple data streams are character-
ized as known interference to each other. The significant advantage
of DPC over superposition coding, particularly in TV broadcast-
ing, is that interference is presubstracted at the transmitter. There-
fore, only independent decoding is needed to decode different data
streams.

At a high signal-to-noise ratio (SNR), DPC can be approximated by
Tomlinson–Harashima precoding (THP) [8], [9]. Unfortunately, THP
has been shown to suffer from a 1.53-dB shaping loss in the high SNR
regime [10]. In the low SNR regime, where broadcasting normally op-
erates, the THP performance loss is even more significant, typically in
the range of 4–5 dB [11]. The cause of this degradation is quantization
(i.e., modulo operations) at the transmitter and the receiver. Several
trellis precoding-based algorithms have been developed to recover the
losses of THP [11], [14]. While in principle these algorithms can be
applied to HB, the added complexity makes them less desirable in
broadcasting applications.

Motivated by the promises of DPC and HB, this paper discusses
DPC-based HB. Our focus is on the design of low-cost high-
performance DPC techniques that can be used in practical broadcasting
systems. In particular, we seek to develop low-complexity approaches
that can reduce or eliminate the modulo loss at a low SNR. Toward this
end, we observe that in most communication systems [e.g., wireless
broadcasting and vector Digital Subscriber Line (DSL)], the inter-
ference structure is available to all receivers. Exploiting this known
structure, we arrive at a new precoding algorithm [dubbed structured
DPC (SDPC)] that reduces the modulo loss without undue complexity.
Unlike the prior work that assumes arbitrary interference, SDPC takes
advantage of the QAM structure of interference to achieve the DPC
channel capacity with demodulation complexity similar to that of a
regular QAM demodulator.

Another contribution of this paper is the realization of SDPC-based
HB on a real-time test bed. This paper describes the implementation
architecture of SDPC and the practical aspects of the broadcasting
system. The performance of the real-time system is shown to be within
2 dB of the DPC additive white Gaussian noise (AWGN) capacity,
with a data rate of up to 50 Mb/s on a field-programmable gate array
(FPGA) test bed platform.

The rest of this paper is organized as follows: In Section II, we
review the background and formulate the problem for broadcasting
with known interference structure. The performance of DPC-based HB
is compared with that of hierarchical QAM. In Section III, the SDPC
precoding strategy is described. In Section IV, the bit error rate (BER)
is analyzed, and numerical results are presented. The SDPC test bed

and its performance are introduced in Section V. Finally, a conclusion
is drawn in Section VI.

II. DPC AND HB

A. DPC

DPC was introduced by Costa in [7]. In Fig. 1(a), an AWGN
channel is corrupted by interference s, which is noncausally known
at the transmitter. The source output v is the input to the precoder,
whose output x obeys the transmitter power constraint: E|x|2 ≤ Px.
Interference s and noise are assumed to be Gaussian independent
identically distributed. Pn is the power of noise. Costa’s result shows
that the capacity of this channel is the same as if interference were
absent, i.e., CDPC = (1/2) log(1 + (Px/Pn)).

In the high SNR regime, DPC can be approximated by THP [15].
THP was originally introduced in the context of ISI channel [8], [9].
The basic idea is illustrated in Fig. 1(a). In the first stage, interference s
is directly subtracted from source v to compensate the interference in
the channel. However, the power of v − s may exceed the transmitter
power constraint. A modulo operator is applied to enforce the power
constraints at the transmitter. The quantizer level Λ is chosen to
meet the power constraints without causing any ambiguity in v. At
the receiver, another modulo operation is performed to recover the
intended message v.

In [10], the capacity of the THP channel is shown to be

I(v̂; v) = h ((v + n) mod Λ) − h(n mod Λ). (1)

In other words, the capacity of the THP channel is strictly less than
the capacity of the corresponding DPC channel. In [17], the perfor-
mance losses of THP are categorized into three classes: a shaping loss
[14]–[16], a modulo loss [11], and a power loss. In this paper, we focus
on the recovery of the most significant modulo loss in the low SNR
regime.

The modulo loss is caused by the modulo operations at the THP
system. Due to noise corruption, the signal at the boundary of the QAM
constellation may be folded into the opposite side of the constellation,
which incurs a potential error that would not have happened in a
regular AWGN channel. The modulo loss is significant for low-
order constellations in the low SNR regime (up to 3–4 dB). For the
broadcasting applications of interest, the dominant loss is the modulo
loss in the low SNR regime. One of the solutions is described in [12],
where a statistical decoding method is used at the receiver to reduce the
modulo loss in DPC. In the ensuing sections, we describe the SDPC
principles that will eliminate the modulo loss all together. We focus
our studies in low-order constellations (e.g., binary phase-shift keying
and QPSK) since the high-order QAMs cannot operate in the low SNR
regime.
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Fig. 2. (a) Hierarchical modulation with two signal sources. (b) DPC-based
hierarchical modulation.

B. DPC in HB

Hierarchical QAM is an effective means to deliver multiple layers
of source information to users experiencing different channel qualities.
Fig. 2(a) illustrates the existing approach for hierarchical multimedia
delivery. The two data streams (sources 1 and 2) are independently
coded and modulated using QAM with power set to be P1 and P2,
respectively. The two modulated signals are then mixed before being
transmitted. Clearly, the two modulated signals will interfere with each
other, leading to a certain performance loss at the receiver end.

At the receiver side, a user with low signal strength simply demod-
ulates the basic signal (source 1), whereas users with higher signal
strength can demodulate both sources 1 and 2 from the constellation.
In particular, the signal received at the user end is given by

u = P1s1 + P2s2 + n (2)

where n is the noise term. The achievable data rate of the first data
stream is R1. At a different location where the noise strength is weaker,
the second data stream (with rate R2 and a higher reception threshold)
can independently be decoded as

R1 =B log
(
1 +

P1

Bn1 + P2

)
(3)

R2 =B log
(
1 +

P2

Bn2 + P1

)
(4)

where B is the channel bandwidth, and n1 and n2 are the power
spectrum densities of the noise.

Note that in theory, s1 can be decoded first and then subtracted from
the received signal u before s2 is demodulated. With such successive
decoding, a higher rate can be achieved for s2, i.e.,

R2,succ = B log
(
1 +

P2

Bn2

)
. (5)

Unfortunately, for successive cancellation, the receiver must first
decode and store the “interference” and then cancel it out before
decoding the signal of interest. In addition, a decoding delay will occur
in s2 demodulation. This is often impractical, given the large data
block size and the high data rate in broadcasting.

The DPC principles can readily be applied to HB. With DPC,
it is possible to jointly modulate multiple-source signals at the
transmitter to allow interference-free reception. Such a design places
the computational burden at the transmitter and significantly lowers the
receiver cost at the user ends. Since data streams can independently be
decoded, there will be no excessive memory requirement or decoding
delay as in the case of successive demodulation. Specifically, in this

Fig. 3. DPC compared with the hierarchical modulation without successive
cancellation at the receiver.

scheme, the first data stream s1 is modulated with a regular modem
technique such as QPSK. Instead of independently generating the
second signal, the interference from the first data stream is presub-
tracted using the DPC technique, as shown in Fig. 2(b). The second
modulated data stream will suffer no interference from s1 when
reaching a receiver. As a result, the achievable data rate of the second
stream is

R2,DPC = B log
(
1 +

P2

Bn2

)
(6)

which is identical to R2,succ with a much complicated successive
receiver structure. At the receiver, two data streams are independently
decoded without interaction between the two demodulators. Conse-
quently, there is no decoding delay.

The achievable rates of HQAM-ID and DPC-based HB are com-
pared in Fig. 3. In this illustration, we assume that P/n1 = 10 dB,
P/n2 = 15 dB, and P = P1 + P2. With the data rate of the first
stream fixed, DPC-based HB has a much higher data rate for the
second stream than that of HQAM-ID at the receiver.

III. STRUCTURED DPC

As mentioned in Section II, THP implementation of DPC will suffer
from a performance loss of 4–5 dB in the low SNR regime [11]. A
more efficient scheme must be developed to achieve the promise of
DPC-based HB. In this section, we present the new approach (i.e.,
SDPC) that reduces or eliminates the modulo loss for pragmatic DPC
implementation without undue complexity.

A. System Model

SDPC is motivated by the following observation. In scenarios such
as wireless broadcasting and vector DSL, the modulation schemes of
each layer (for different users) are sent over a control channel. In other
words, each user knows the modulation schemes of all the layers. For
example, in Fig. 1(b), v is the second-layer signal for user A, whereas
s is actually the first-layer signal for user B. It is reasonable to assume
that user A knows the modulation scheme of the first-layer signal
intended for user B. We will show that this knowledge allows us to
reduce (even eliminate in some cases) the modulo loss with proper
precoding.
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Fig. 4. (a) Constellation of y at the THP receiver. (b) Constellation of y at the SDPC receiver with QPSK source and interference.

B. Precoding With Known Interference Structure at the Receiver

As shown in Fig. 1(b), the receiver has prior knowledge of the
constellation of y if s is a QAM interference. We also notice that the
constellation of y at the THP receiver is generally an expanded version
of the constellation of v due to the modulo operation at the transmitter.
As a result, we should be able to directly demodulate y based on
its constellation without performing the modulo operation as in THP.
Along the same line, if we take advantage of the structure information
of interference and accordingly design the precoder, a more receiver-
friendly y constellation can be achieved.

The exact operation of SDPC in QPSK is described next.
1) Two Users With a QPSK Constellation: Since only low-order

constellations are feasible in the low SNR regime, both signals are
assumed to be QPSK. The different types of dots in Fig. 4 represent
different source symbols at the receiver end. Fig. 4(a) can be viewed
as the constellation of y at the input of the THP receiver. The received
signal is folded (modulo) into a dashed box before performing detec-
tion at the THP receiver.

In the SDPC system, source information is directly demodulated
from y using region-based (minimum distance) detection. Interest-
ingly, we can rearrange the constellation of the received signal y for
better performance through the SDPC precoder. It can be verified that
the mapping shown in Fig. 4(b) yields the best performance. In fact,
its BER performance is comparable with that of QPSK with the same
minimum distance. Then, the SDPC precoding rule is accordingly
designed.

a) Precoding: The precoder modulates 2 bits/symbol based on the
following rule:

⎧⎪⎨
⎪⎩

x=v−s, |v|> |s|

x=sign(s) (|2i·v−|v‖)−s, i=
⌊

1
2

(
|s|
|v| +1

)⌋
|v|≤|s|.

(7)

Here | · | denotes the amplitude, and �·� is the floor operator.
The precoding rule is applied to both dimensions of the QPSK
signal. The power of x is the average power of random sig-
nals ±[2(i − 1) · |v| − |s|] and ±[2(i + 1)|v| − |s|], which are
bounded.

b) Decoding: The decoder detects the 2-bit symbol based on the
location of the received signal (relative to four decision regions).
For |v| > |s|, the decision regions are the same as that of QPSK.
For |v| ≤ |s|, the four decision regions are asymmetric, as illus-
trated in Fig. 4(b). Nevertheless, a direct mapping from source
v to y can be established. By removing the modulo operation,

the noise folded into the modulo interval around the origin is
eliminated.

IV. PERFORMANCE ANALYSIS AND NUMERICAL RESULTS

In this section, we analyze the performance of SDPC and present
some numerical results.

A. BER Performance

First, we analyze the BER of the SDPC scheme and compare it with
regular THP with dither. For QPSK signals with Gray labeling, the
BER of THP, SDPC, and AWGN are calculated as follows:

PTHP =4 × Pe/2 = erf c

(√
Eb_THP

N0

)
(8)

PSDPC =2 × Pe/2 =
1

2
erf c

(√
Eb_SDPC

N0

)
(9)

PAWGN =2 × Pe/2 =
1

2
erf c

(√
Eb_AWGN

N0

)
(10)

where Eb_THP, Eb_SDPC, and Eb_AWGN are the average bit power,
respectively.

Under the same transmitter power constraint, it is clear that

Eb_THP ≤ Eb_SDPC ≤ Eb_AWGN. (11)

B. Numerical Results

Simulation studies have been conducted to validate the SDPC
performance. In all simulations, THP with minimum mean square error
scaling [18] is used as the baseline, and α is set at Px/(Px + PN ).
In our setup, the source and interference are both QPSK signals, and
|s| = 7.5|v|. (SDPC can work at any ratio.) It is worth noticing that
the SDPC gain is more significant when |s| and |v| are close to each
other. SDPC has an about 1-dB power loss in this case. The results
(theoretical versus simulation) are shown in Fig. 5. As shown, the
curves very well match the theoretical predictions in (8)–(10).

We also run simulations to study the performance of SDPC with
channel coding. A rate-1/2 (7, 5) turbo code is used with the log-
MAP decoding algorithm. Eight iterations are performed in the turbo
decoder. The results in Fig. 6 show that SDPC has more than 3-dB
improvement over regular THP (with dither) in the low SNR regime.
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Fig. 5. BER versus Eb/N0 for QPSK source and interference signals.

Fig. 6. BER versus Eb/N0 with a rate-1/2 (7, 5) turbo code for QPSK source
and interference signals.

The performance loss compared with the AWGN channel is less than
1 dB, which is due to the power loss.

The SDPC gain will diminish with large constellations—this is
because the modulo loss is much smaller for high-order constellations.

V. SDPC IMPLEMENTATION

The principles of DPC-based HB is validated in real time
at the Wireless Information Technology Laboratory, University of
Washington. We describe SDPC implementation on an FPGA-based
test bed in this section.

A. Test Bed Description and Decoder Architecture

The SDPC demo system is implemented on an SMT8036 devel-
opment platform. SMT8036 is a complete development suite, which
is hosted on an SMT310Q PCI carrier in a PC, for the evaluation of
SMT365-4-2 and SMT370-AC modules. In particular, SMT365-4-2
has a Xilinx Virtex-II 2000 FPGA and a Texas Instruments’ digital
signal processor (DSP) TMS320C6416 on board. The Xilinx Virtex-II
2000 FPGA has about a 2 million system gates. The DSP runs at a

TABLE I
SYSTEM AND PERFORMANCE COMPARISON

600-MHz system clock with 4800 peak million multiply–accumulate
operations.

In our demo system, the MPEG data stream is generated by an
MPEG encoder, which resides in a PC. The MPEG data stream is
fed into the SMT8036 platform through a parallel interface, called
Sundance High-speed Bus. In our demo, the data rate of the MPEG
bit stream is set at 5 Mb/s.

Within the SMT8036 platform, the MPEG data stream is processed
in the FPGA before transmission. The data stream is first channel
encoded with a rate-1/2 (7, 5) turbo encoder. The SDPC precoder
follows the channel encoder, and the interference is a second coded
MPEG source stored in the PC. For convenience, the interference bit
rate matches the MPEG bit rate at 5 Mb/s.

The encoded signal and the interference are converted to an inter-
mediate frequency (IF) signal centered at 70 MHz. Then, the SDPC
encoded signal and the interference are mixed together before being
looped back into the development platform. In the process, the signal
is contaminated by AWGN noise.

At the receiver end, the IF signal is sampled and then sent into the
FPGA, where SDPC decoding is conducted. Afterward, the data are
transferred into the DSP for channel decoding, where a turbo decoder
with the log-MAP decoding algorithm is implemented. Finally, the
data are recovered and sent to an MPEG decoder. The video is
displayed on a monitor.

B. Implementation Results

The performance of SDPC-based HB, HQAM-ID, and HQAM-SC
is compared in our demo system. Since there is no difference in the
demodulation for the first-layer data stream, the comparison is based
on the demodulation for the second-layer data stream.

Given the available process power, the throughput of the SDPC-
based HB system can reach 50 Mb/s. As shown in Fig. 6, the imple-
mentation loss is within 0.5 dB relative to the simulation results. We
compare the SDPC-based HB and HQAM-SC systems on the same
demo system. The HQAM-SC scheme requires a large data buffer
for successive cancellation at the receiver end. In addition, since it
must first demodulate the interference (i.e., the first data stream) for
successive cancellation, the computational requirement is about two
times, relative to SDPC-HB. The maximum achievable data rate on
the test bed is reduced to 25 Mb/s. The simple HQAM-ID scheme, on
the other hand, has a significantly higher reception threshold compared
with SDPC-based HB and HQAM-SC.

Table I highlights the system and performance parameters of the
three schemes. We choose a typical DVB-T setup [19] (the 2K mode),
where both the first- and second-layer data are QPSK modulated. For
both layers, the inner code is a rate-1/2 convolutional code, and the
outer code is a Reed–Solomon code (204, 188). The code block size
is 3264 bits. The maximum throughput is the data rate allowed by the
demo system hardware. HQAM-SC has an approximate 2.7-ms delay
and requires a 6-kB buffer (assuming word length of 16 bits) at the
receiver side.
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VI. CONCLUSION

In this paper, we have studied a low-cost DPC scheme for HB
applications. For DPC implementation, the traditional THP approach
suffers from a 3- to 4-dB modulo + power loss, which makes it
unsuitable for HB with low-order constellations. The new SDPC
method recovers most of the modulo loss without added complexity
at the receiver side. In QPSK cases investigated, SDPC achieves a
2- to 4-dB improvement over regular THP (with dither). We have
realized a real-time SDPC-based HB prototype that achieves the
performance of HQAM-SC but with much lower complexity and no
extra buffer requirement.
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Performance Prediction for Energy
Detection of Unknown Signals

J. Eric Salt, Member, IEEE, and Ha H. Nguyen, Senior Member, IEEE

Abstract—This paper analyzes the energy detector that is commonly
used to detect the presence of unknown information-bearing signals. The
algorithm simply compares the energy (or power) in a sliding window
to a threshold. The analysis allows for arbitrary spectra of information-
bearing signal and noise processes. It yields two equations that relate five
variables/parameters: the probability of false detection, the probability
of missing a detection, window length, detection threshold, and signal-
to-noise ratio (SNR). The probability density function of the detection
variable is shown to be approximately Gamma distributed. All of the the-
oretical expressions and approximations are substantiated with simulation
results.

Index Terms—Burst detection, edge detection, energy detection
algorithm, sliding window detector.

I. INTRODUCTION

Energy detectors are commonly used to detect the presence of
unknown signals [1]. The need for such detection can be found in many
communication problems such as demodulation of ON–OFF keyed
signals [2] and coarse timing acquisition in burst-mode orthogonal
frequency division multiplexing (OFDM) [3], [4]. An energy detector
measures the energy of the received signal over an observation time
window and compares it with a predefined threshold to determine
the presence of an information-bearing signal. Although it is not an
optimum detector whenever the signal or noise is not a white Gaussian
process, an energy detector is commonly used due to its simplicity.

The energy detection problem was first studied in [1] for determinis-
tic signals transmitted over a flat band-limited Gaussian noise channel.
The problem was revisited in [5] for signals transmitted over a variety
of fading channels. More recently, [6] and [7] extended the analysis in
[5] to include various receive diversity schemes.

This paper considers a similar energy-detection problem. In contrast
to the previously mentioned related works, it does not restrict the noise
to a flat bandpass spectrum. Moreover, the unknown signals are mod-
eled as samples of a random process rather than being deterministic.
While the analysis of such a model requires approximations, it is more
reasonable in most communication applications since the information-
bearing signal can take on many possible waveforms, depending on
the random data sequence to be transmitted over the observation time
window. The model, therefore, can also include the effect of the
communication channel if its frequency response is known.

This paper develops two equations (approximations) that relate two
performance measures to three design parameters. That is, they relate
the probability of false detection and the probability of missing a
detection to window length, detection threshold, and signal-to-noise
ratio (SNR). While the approximations developed are not exact, they
are very useful in determining the window length and the decision
threshold.
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