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Abstract—The current error correction layer of digital mobile
TV is designed for worst case scenarios, which often do not apply.
In this paper, we propose a new opportunistic error correction
layer based on fountain codes and a resolution adaptive ADC,
which has been integrated into the OFDM-based physical layer.
The key element in the new proposed system is that only packets
are processed by the receiver which have encountered high-
energy channels. Others are discarded. With this new approach,
around 84% of the energy consumption in ADCs can be saved
compared with the conventional mobile TV system under the
same channel conditions.

Index Terms—mobile TV, fountain codes, resolution adaptive
ADCs, OFDM

I. INTRODUCTION

Low power consumption in battery-powered digital mobile
TV receivers is a highly desirable feature. Consumers expect
their devices to operate for several hours on a single battery
charge. In wireless LAN systems, theAnalog-to-Digital Con-
verter (ADC) can consume up to 50% of the total baseband
power budget [1]. Similar numbers are expected for mobile TV
systems, as both systems are based onOrthogonal Frequency
Division Multiplexing (OFDM). In this paper, we propose a
novel scheme to reduce the power consumption of the ADC
by combining a resolution adaptive ADC architecture with
opportunistic error correction.

The mobile wireless channel is a hostile environment. It
suffers from time-varying multi-path propagation and high
levels of man-made interference, such as from GSM and 3G
wireless systems [2]. In effect, mobile TV channels are mod-
eled as time-varying frequency selective channels. Because
of the frequency-selective fading and the interference, the
worst-case dynamic range of the received signal is very high,
typically around 52 dB (TU6 channel1) in addition to the range
needed for proper signal detection (SNR). Given a traditional
fixed-resolution ADC, this high dynamic range leads to a high
number of bits and therefore to high power consumption [3].

However, the worst-case conditions do not always apply.
Therefore, we use a resolution adaptive ADC which selects
the minimum number of bits according to the current channel.
As a result, the power consumption of the ADC is reduced
under most, i.e. non worst-case, channel conditions.

A further resolution reduction of the ADC can be achieved
by using a novel opportunistic error correction scheme that
integrates into the physical layer. This approach allows usto
discard some part of the channel with deep fading. Take Figure
1 as an example, the dynamic range of the whole channel is

1TU6 channel: the Typical Urban 6-path channel model.

−4 −3 −2 −1 0 1 2 3 4
−10

−5

0

5

MHz
m

ag
ni

tu
de

 (
dB

)
Fig. 1. Example of the baseband transfer function of a TU6 channel.

around 13.5 dB. From this figure, we can see that the deep
fading does not happen everywhere and only happens in the
frequency band of -4∼-3 MHz and 2∼3 MHz. By discarding
this 2 MHz sub band, the dynamic range of the channel is
reduced to 10.7 dB.

The current mobile TV standards do not support this idea,
as all sub bands are considered equally important by the
Forward Error Correction layer (FEC). Therefore, we propose
a novel FEC layer based on fountain codes that does not have
this disadvantage. In [4], MacKay describes the encoder of
a fountain code as a metaphorical fountain that produces a
stream of encoded packets. Anyone who wishes to receive the
encoded file holds a bucket under the fountain and collects
enough packets to recover the original data. It does not
matter which packets are received, only a minimum amount
of packets have to be received correctly [4]. In other words,
fountain-encoded packets are independent with respect to each
other.

To apply fountain codes in mobile TV, we divide a block
of source bits into a set of packets, which are encoded by a
fountain code. A fountain-encoded packet is transmitted over a
sub band of the channel. Thus, multiple packets are transmitted
simultaneously, using frequency division multiplexing. The
receiver discards fountain-encoded packets which are trans-
mitted over the sub band with deep fading. Correspondingly,
the power consumption in ADCs decreases.

In this paper, we propose an approach based on resolution
adaptive ADCs and fountain codes to reduce the power con-
sumption in ADCs. The proposed method is an opportunistic
error correction layer because it does not process all received



packets but only processes surviving packets. This error cor-
rection layer is able to cope with discarding packets because
fountain-encoded packets are independent of each other. Also,
less power is consumed as the resolution of ADC is adapted
to the minimum for each case, compared to using the fixed-
resolution ADC. Thus, it is a novel cross-layer approach which
integrates the error correction into the physical layer of an
OFDM system.

The outline of this paper is as follows. Fountain codes and
a resolution adaptive ADC are applied to lower the power
consumption in mobile TV receivers. First, fountain codes are
discussed which is followed by the resolution adaptive ADC.
In section IV, a description is given of the DVB-H system,
which is a practical example of mobile TV. We compare
the current DVB-H system with our proposed system in the
simulation. Finally, the simulation results are analyzed.The
paper ends with a discussion of the results.

II. FOUNTAIN CODES

In this paper, we use a kind of fountain codes, i.e.Luby
Transform (LT) codes [5] in the proposed error correction
layer. Other fountain codes (e.g. Raptor codes [6]) can also
be applied.

Consider a block of sizeK packetss1, s2, · · · , sK to be
encoded by a fountain code. A packet hasm bits and consid-
ered a unit. At each clock cycle, labeled byn, one fountain-
encoded packet is generated by selecting a set of source
packets randomly and computing the bitwise sum (XOR) of
these source packets [4]. The fountain codes can supply an
unlimited number of encoded packets based ons1, s2, · · · , sK .
In practical systems, only a fixed number of packetN is
generated.

At the receiver side, enough packets are required for suc-
cessful decoding. The required number of received packetsN
is slightly larger than the number of source packetsK and is
defined as:

N = K(1 + ε) (1)

whereε is the percentage of extra packets and is called the
overhead.

After receiving N packets, the receiver can recover the
source packets by themessage-passing algorithm [7] which
has a linear decoding cost. We have shown that decoding
the fountain codes using the message-passing algorithm com-
bined with Gaussian elimination allows small block sizes, e.g.
K = 500, with small overheadε = 3% in [8]. Small block
sizes are needed to keep the decoding delay low, which is
important in real-time applications such as mobile TV.

Fountain codes are designed forErasure Channels. How-
ever, wireless channels are noisy channels, not erasure chan-
nels. In practical systems, fountain codes are used in com-
bination with other error correction algorithms to convert
the noisy channels into erasure channels, oftenLow-Density
Parity-Check (LDPC) codes [7]. In this paper, LDPC codes
are used together with aCyclic Redundancy Check (CRC) to
make the wireless channel behave like an erasure channel.

Our FEC encoding scheme is performed in the following
order. First, a fountain-encoded packet is created. Then, the
CRC is added. Finally, the packet is encoded by the LDPC
code.

At the receiver, each fountain-encoded packet is first LDPC
decoded if its energy is above or equal to a threshold (i.e.
corresponding to BER≤ 10−5). The received packet is
discarded if its energy is below the threshold. If the LDPC
decoding fails, the received packet is discarded as well. Ifthe
LDPC decoding succeeds, the CRC is used to identify any
errors undetected by the LDPC codes. If the CRC decoder
detects an error, the receiver assumes that the whole packet
has been lost. Once the receiver getsN surviving fountain-
encoded packets, it starts to recover the source data.

III. RESOLUTION ADAPTIVE ADC

In [9], the authors have designed an resolution adaptive
ADC for IEEE 802.11a WLAN system and shown that adap-
tive resolution ADCs can save 38% power consumption in
ADCs comparing with conventional high-resolution ADCs.
For WLAN receivers, ADC power consumption can be almost
50% of the total baseband power consumption [1]. For a
mobile TV receiver, we expect that similar values. An CMOS
implementation of such an ADC is described in [3]. In this
implementation, the power consumption scales linearly with
the number of quantization levels.

A. Minimum Number of Quantization Levels

The mobile TV channel is often modeled as a time-varying
frequency selective channel. The TU6 channel model is rep-
resentative for the typical mobile reception with the Doppler
frequency above 10 Hz [2].

In OFDM receivers, demodulation of the sub carriers is
performed in the frequency domain. For that reason, it is
not beforehand clear, how many ADC bits are necessary for
proper decoding. In [9], the authors have derived an relation
between the quantization noise in the time domain and the
frequency domain for frequency selective channels. Here, we
briefly explain it following [9].

We assume that the channel is noiseless and the channel of
one OFDM symbol is constant, so the channel output at the
nth momentrn is defined as:

rn =

L−1
∑

l=0

hlxn−l (2)

whereL is the number of channel taps,hl the channel taps and
x the transmitted signal. We assume that the quantization noise
is dominant, so other noise (e.g. thermal noise) is ignored in
this paper. In [9], it has shown thatrn is Gaussian-distributed
with a zero mean and a variance of

∑

l |hl|2.
The ADC outputyn is expressed by:

yn = Q(rn) =
∑

l

hlxn−l + nn (3)

wherenn is the quantization noise in the time domain. Because
the quantization noisenn depends on the signalrn and the



probability density function ofrn is symmetric to 0,nn is
uniform distributed with zero mean and a variance of∆2

6 ,
where∆ is the uniform quantization step [10].

After the OFDM demodulation, we haveYk as [11]:

Yk = HkXk + Nk (4)

whereNk is the quantization noise in the frequency domain
defined by [9]:

Nk =
1√
N

∑

n

nne−j 2π

N nk (5)

andHk is the fading over thekth sub carrier defined by:

Hk =
∑

l

hle
−j 2π

N lk (6)

Nk is a Gaussian-distributed random variable with zero
mean and a variance of∆2

6 according to theCentral Limit The-
orem [9]. Thus, for each sub carrier, the variance of the quanti-
zation noise is the same, but the Signal-to-(quantization)-Noise
Ratio (SNR) is different due to different fading:

SNRk =
|Hk|2

∆2

6

(7)

If the clipping is allowed, the number of quantization levels
Nq is determined by [10]:

Nq = 2⌈C

∆
⌉ (8)

whereC is equal to3σrn
. Once the channel is fixed,Nq is only

determined by∆. In such case,∆ depends not only on the
applied error correction codes in the system (i.e. SNR defined
in Equation 7), but also on how the fountain-encoded packets
are transmitted.

B. Transmission Scheme

In [9], the authors have shown that each fountain-encoded
packet is transmitted over one sub carrier and the dynamic
range of ADCs can be reduced by discarding the low-energy
sub carriers for each channel realization. In the 802.11a
WLAN system, the channel can be considered to be time-
invariant over a MAC frame. In [9], the transmission of each
fountain-encoded packet is finished within a MAC frame.
Hence, the channel over one fountain-encoded packet trans-
mission can be considered as a time-invariant flat fading
channel. However, this does not apply in the mobile TV
system.

The mobile TV transmission system (e.g. DVB-H) should
offer sufficient flexibility and scalability to allow the reception
of the services at various speeds while optimizing transmission
coverage [2]. In this paper, we focus on the 8k transmission
mode which has a large area of theSingle-Frequency Network
(SFN) and maximum frequency efficiency [12]. Also, the 8k
mode is more sensitive to the Doppler spread comparing to
other transmission modes. In order to avoid the effects of
the Doppler spread in adjusting resolution adaptive ADCs, we
propose to transmit each fountain-encoded packet over a set
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SNR≥12 dB => Nq = 24
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Fig. 2. An example of dividing TU6 channel into 128 sub bands.The black
point is the sub carrier with the lowest energy every sub band, which defines
the energy of its corresponding sub band.

of adjacent sub carriers. We denote such a set of sub carriers
a sub band. In such case, the 8k sub carriers can be divided
into a number of sub bands. Over each sub band, one fountain-
encoded packet is transmitted. The energy of each sub band is
equal to the lowest energy of the sub carrier in its sub band.

Since each fountain-encoded packet is independent, it does
not matter that we discard some packets which are transmitted
over low-energy sub bands. For example, assume that the SNR
of the high-energy sub band should be at least equal to 12 dB
and fountain-encoded packets are transmitted over a wireless
channel as shown in Figure 2. We discard low-energy sub
bands and keep high-energy sub bands. We denote the number
of low-energy sub bands asNb. If we keep all sub bands (i.e.
Nb = 0) in Figure 2, the required number of quantization
levelsNq is 96; but if we discard 30 sub bands (i.e.Nb = 30),
the requiredNq can be reduced to 24.

C. Power Consumption

The power consumption of the ADC is proportional to the
number of quantization levelsNq which is related to the
Effective Number Of Bits (ENOB) by:

Nq = 2ENOB (9)

Hence,Nq is a measurement of the power consumptionP :

P =

Mc−1
∑

i=0

αiNqi
M (10)

where Mc is the number of OFDM symbols,αi is the
percentage of thei-th OFDM symbol where useful information
is transmitted,Nqi

is the number of quantization levels used
in the i-th OFDM symbol, andM is the number of samples
per OFDM symbol.

The power consumption in ADCs can be reduced by dis-
carding low-energy sub bands. However, discarding transmit-
ted packets over low-energy sub bands results in an increase
of the total number of transmitted packets. Therefore, there is
a tradeoff in power consumption between the number of low-
energy sub bands and the total number of transmitted packets.
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So far, we design the quantization scheme for each OFDM
symbol according to the current channel knowledge. However,
in a practical mobile TV system (e.g. DVB-H), pilot symbols
are only located in the scattered sub carriers, which means that
the pilot data and user data are transmitted in the same OFDM
symbol at the same time. In other words, it is impossible to
adjust the resolution of ADCs to the minimum according to
the current channel knowledge. Therefore, we have to use the
channel knowledge of the previous OFDM symbol to adjust
the resolution of ADCs for quantizing the current OFDM
symbol, which will of course negatively affect the design of
quantization scheme. We will discuss this influence in the next
section.

IV. SYSTEM MODEL

The opportunistic error correction layer is based on fountain
codes and resolution adaptive ADCs which have explained in
the above sections. This proposed cross layer can be applied
in mobile TV systems. In this paper, the DVB-H system is
taken as an example of mobile TV systems.

The FEC layer in the current DVB-H system is based on
Reed Solomon (RS) codes andRate Compatible Punctured
Codes (RCPC). These codes have a good performance for
random bit errors. Interleaver is employed to remove burst
errors. Although this solution works well in practical systems,
it is not optimal. First, because packets that have encountered a
low-energy channel are still processed by the decoders. It will
waste processing power. In addition, the error correction layer
is based on worst case scenarios. This means that for most
packets, the code rate and hence capacity can be increased.
Furthermore, the resolution of the applied ADCs is fixed for
DVB-H receivers, which is designed for worse case conditions.
However, worse case conditions do not happen often.
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Fig. 4. The average power consumption versus the number of low-energy
sub bands for receiving a burst of fountain-encoded packets. 64 sub carriers
are grouped into a sub band and the total number of active sub bands is 106.

In Figure 3, the proposed new error correction scheme is
depicted to reduce the power consumption in ADCs. The key
idea is to generate additional packets by the fountain encoder.
First, the source packets are encoded by the fountain encoder.
Then, a CRC checksum is added to each fountain-encoded
packet and LDPC encoding is applied. On each sub band, a
fountain-encoded packet is transmitted. Thus, multiple pack-
ets are transmitted simultaneously, using frequency division
multiplexing.

At the receiver side, we assume that the synchronization
and channel estimation are perfect. With the perfect channel
knowledge, the resolution of the adaptive ADCs can be re-
duced to the minimum for each channel realization. If the SNR
of the sub band is equal to or above the threshold, the received
fountain-encoded packet will go through LDPC decoding,
otherwise it will be discarded. This means that the receiver
is allowed to discard low-energy sub bands (i.e. packets) to
lower the dynamic range of the ADC and hence the power
consumption. After the LDPC decoding, the CRC checksum
is used to discard the erroneous packets. As only packets with
a high SNR are processed by the receiver, this will not happen
often. When the receiver collects enough fountain-encoded
packets, it starts to recover the source data.

In Figure 4, the relation is depicted between the average
power consumption (dynamic range) of ADCs and the number
of low-energy sub bandsNb, under the condition that the res-
olution of ADCs is adjusted according to the current channel
knowledge. In each case, 1000 fountain-encoded packets are
received and the low-energy sub bands are discarded. The
number of the transmitted fountain-encoded packets is defined
as1000× Na

Na−Nb
, whereNa is the total number of active sub

bands. When 41 sub bands are discarded, the minimum power
consumption is achieved.

As mentioned in Section III, it is impossible to adjust
the resolution of ADCs according to the current channel
knowledge. In order to apply the resolution adaptive ADCs in
the DVB-H receiver, we propose to use the channel knowledge
of the previous OFDM symbol to adjust the resolution of
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with 20 Hz and 120 Hz Doppler shift.

ADCs for the current OFDM symbol. In such case, we still
achieve the lowest power consumption when we discard 41 sub
bands. However, the actual number of lost sub bands might
not be as same as we expected and this needs more analysis.

We assume that the channel is perfectly estimated andNb

sub bands are lost. We denote each sub band of thenth OFDM
symbol byHkn

and we sort the sub band by the energy, so
we have:

|H(k+1)n
| > |Hkn

| (11)

Suppose that the fountain-encoded packet can be decoded
correctly when SNR≥ 12 dB. We design the quantization
scheme for the(n + 1)th OFDM symbol by making the
(Nb + 1)th sub band of thenth OFDM symbol have a SNR
of 12 dB, so we have:

∆ =

√

6
|H(Nb+1)

n
|2

101.2
(12)

The SNR of the(Nb + 1)th sub band in the(n + 1)th OFDM
symbol is defined by:

SNR(Nb+1)(n+1)
=

|H(Nb+1)(n+1)
|2

∆2

6

= 12 + 20 log10

|H(Nb+1)(n+1)
|

|H(Nb+1)
n
| (13)

If |H(Nb+1)(n+1)
| ≥ |H(Nb+1)

n
|, SNR(Nb+1)(n+1)

≥ 12 dB;
otherwiseSNR(Nb+1)(n+1)

< 12 dB. The difference between
|H(Nb+1)(n+1)

| and |H(Nb+1)
n
| determines whether the actual

number of lost sub bands will be more than or less than or
equal toNb sub bands.

|H(N
b
+1)(n+1)

|

|H(N
b
+1)n | depends on the predefined number of low-

energy sub bandsNb and the Doppler spread, as shown in
Figure 5. From this figure, we can see that the gap is inversely

proportional toNb but proportional to the Doppler spread. For

the case ofNb = 0, the range of
|H(N

b
+1)(n+1)

|

|H(N
b
+1)n | is within ±27

dB at the probability of 95% for 120 Hz Doppler spread and
at 97.5% for 20 Hz Doppler spread; but whenNb = 30, the
range can be reduced to±2.7 dB at 95% for 120 Hz and at
98% for 20 Hz Doppler spread. So, it is beneficial to discard
more sub bands.

Due to the lack of a feedback channel, there is no chance to
recover the fountain source packets if we lose more sub bands
than we anticipated. To make sure that receivers get enough
fountain-encoded packets, we can increase the designed reso-
lution of ADC by a certain number of bits to compensate for
the gap between|H(Nb+1)(n+1)

| and|H(Nb+1)n
|. In such case,

we should give 4.5 bits extra forNb = 0 and only 0.45 bit
extra forNb = 30 to recover the source packets at least with
the probability of 97.5%.

V. PERFORMANCE ANALYSIS

In this section, we analyze the performance of our proposed
opportunistic error correction layer. In the simulation, we
transmit 1000 blocks of source packets to 1000 receivers over
a TU6 channel with 120 Hz Doppler shift. Each block consists
of 500 source packets with a length of 168 bits.

We compare two scenarios in the simulation. The first
scenario, Scenario I, is a conventional DVB-H system with
16-QAM modulation and code rate2/3×3/4 = 1/2 [12]. We
allow that 1%2 receivers have packet loss and the other ones
will receive the packets correctly. Moreover, we assume that
the conventional fixed-resolution ADCs are used.

In Scenario II, we apply the new opportunistic error correc-
tion layer, which has the same effective throughput as Scenario
I. Each burst is encoded by a LT code (with parameters
c = 0.03, σ = 0.3) and decoded by the message-passing
algorithm and Gaussian elimination together. From [8], we
know that 3% overhead is required to recover the source
packets successfully. To each fountain-encoded packet, a 7-bit
CRC is added then the (255,175) LDPC encoder is applied.
Under the condition of the same effective throughput, we can
lose 23 sub bands where the power consumption is closed
to the minimum case with 41 lost sub bands as shown in
Figure 4. For the resolution adaptive ADC, we use the perfect
channel knowledge of the previous OFDM symbol to adjust
the resolution of ADCs for the current OFDM symbol. In order
to achieve the expected number of fountain-encoded packets
(i.e. N = 515) with the probability of at least 99%, we will
give some extra bits (i.e. 4 dB extra SNR).

In our simulations, we have used the parameters in Table I
to compare the conventional and the proposed system. The
“SNR in frequency domain” is the minimal SNR for all sub
bands in Scenario I and the minimal SNR for all high-energy
sub bands in Scenario II.

Figure 6 shows the average power consumption in ADCs
for the transmission of each block. We normalize the power
consumption of Scenario I to 100%. From this figure, we can

2A common value used in coverage tools



Scenario I Scenario II
ADC uniform res. adapt.
FEC RS+RCPC LDPC + Fount. codes

Code rate 0.5 0.64
Modulation 16-QAM 16-QAM

Nc 6784 6784
Ns 106 106

SNR in freq. domain 9.0 dB 16.0 dB
Nb 0 23

TABLE I
SYSTEM SETUP COMPARISON FOR TWO SCENARIOS(Nc - THE NUMBER OF

DATA CARRIERS, Ns - THE NUMBER OF SUB BANDS ANDNb - THE

NUMBER OF LOW-ENERGY SUB BANDS)

0%

20%

40%

60%

80%

100%

120%

Scenario I Scenario II

Fig. 6. Power consumption comparison between two Scenarios. The power
consumption in ADCs of Scenario I is normalized to 100%.

see that the power consumed in Scenario II is reduced to 16%
in comparison with Scenario I.

In order to let the number of lost sub bands not be more than
we expected (i.e.Nb = 23), we give 4 dB extra SNR to adjust
the resolution of ADCs in Scenario II. During the transmission
of 1000 bursts, each receiver loses on average 1.1 sub bands
and at maximum 13 sub bands every OFDM symbol, which
means every receiver can recover the source packets correctly.
So our system has a higher QoS at a lower power consumption
compared to the conventional system where typically 1% of
the receivers can not decode the mobile TV stream.

VI. CONCLUSIONS

In this paper, we propose a novel cross-layer scheme which
integrates the error correction into the physical layer. This
new opportunistic error correction layer is especially designed
for mobile TV (e.g. DVB-H) and broadcasting applications.
It is based on fountain codes and resolution adaptive ADCs.
Each fountain-encoded packet is transmitted over a sub band
which consists of a set of sub carriers. By discarding fountain-
encoded packets that have been transmitted over low-energy
sub bands, the dynamic range of ADCs can be reduced.
Correspondingly, the power consumption in ADCs can be
decreased. The new cross-layer method results in up to 84%
lower power consumption of the ADCs compared to the
current standard. Moreover, it has higher coverage than the
current standard.
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