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Abstract—In this paper, we propose an energy-efficient error
correction scheme to lower the power consumption of the
ADCs in the OFDM system. The proposed opportunistic error
correction scheme is based on resolution adaptive ADCs and
fountain codes. The key idea is to reduce the dynamic range
of the channel by discarding part of the channel in deep
fading. Correspondingly, the power consumption in ADCs can
be decreased. In our approach, each sub-carrier transports a
fountain-encoded packet. The receiver only decodes fountain-
encoded packets with high SNR. Others are discarded. To
compensate for the discarded packets, a high order modulation
is used. The new error correction layer does not require perfect
channel knowledge, so it can be applied in a real system. With
our approach and 16-QAM, the energy consumption in ADCs
is reduced by around 73% with non-perfect channel estimation
comparing to the traditional IEEE 802.11a system under the
same channel conditions and throughput.

I. INTRODUCTION

Orthogonal Frequency Division Multiplexing (OFDM) is

a common technology to ease the equalizer in wide-band

communication [1]. The disadvantage of OFDM is its high

Peak-to-Average Power Ratio (PAPR). When signal peaks in

the OFDM signal are clipped, all sub-carriers are affected

after the OFDM demodulation. Due to the frequency selective

characteristics of wireless channels, some sub-carriers suffer

deep fading and can not endure any distortion. That urges the

usage of high-resolution Analog-to-Digital Converters (ADCs)

in the OFDM system.

In wireless LAN receivers, the ADC can consume up to

50% of the total baseband power budget [2]. Lower power

consumption in battery-powered wireless receivers is a highly

desirable feature. Consumers expect their devices to operate

for several hours on a single battery charge. The power effi-

ciency of ADCs does not increase over time in the same way

as baseband signal processing. Given the same specification,

the power consumed in ADCs halves every 2.7 years [3]

but the power dissipation in the baseband signal processing

decreases a factor of 10 every 5 years [4]. In the case of

RF signal processing, its power efficiency is limited by the

semiconductor technology. Therefore, ADCs are the main

bottleneck for an energy-efficient wireless receiver.

In this paper, we propose a novel cross layer scheme to

reduce the power consumption of ADCs by combining a

resolution adaptive ADC architecture with Opportunistic Error

Correction (OEC). Current OFDM systems utilize fixed high-

resolution ADCs, which are designed for the worst-case chan-

nel condition. However, worst-case scenarios do not happen

often. Resolution adaptive ADCs allow us to adapt the ADC

for each channel condition instead of being fixed for the worst-

case condition. Correspondingly, the power consumption in

ADCs can be reduced.

A further power reduction can be achieved by discarding

some parts of the channel in deep fading. Current OFDM

systems utilize the joint coding scheme which encodes source

data over all the sub-carriers. The joint coding scheme works

better than the separate coding scheme, as it employs the fact

that sub-carriers with high energy can compensate for those

in deep fading [1]. However, it treats each sub-carrier equally

important. Hence, the minimum resolution of ADC required by

the joint coding scheme is proportional to the dynamic range

of the channel. In many frequency selective channels, only a

small part of the channel causes the high dynamic range. Let

us take Fig. 1 as an example, the dynamic range of the whole

channel is around 16 dB. As we can see, the deep fading

part occupies a large part of the dynamic range, but deep

fading only happens in the frequency band of −1 ∼ 0.5 MHz.

By discarding this 1.5 MHz sub-band, the dynamic range of

the channel is reduced by 50% (i.e. around 8 dB). Obviously,

the joint coding scheme does not allow us to do it. But with

fountain codes, we can achieve it.

In this paper, we propose opportunistic error correction

based on fountain codes that allows us to discard those parts

of the channel in deep fading. Fountain codes can reconstruct

the original source file by only collecting enough fountain-

encoded packets [6]. It does not matter which packet is

received but we only need to receive enough packets. In other

words, fountain-encoded packets are independent with respect

to each other [6] [7]. Because fountain codes are designed

for erasure channels, error correcting codes are required to

transfer the noisy wireless channel into an erasure channel.

If a fountain-encoded packet is transmitted over a single

sub-carrier, we can reduce the dynamic range of channel by

choosing between two approaches. Option I is to exchange

the code rate of error correcting codes with the number of

sub-carriers in deep fading; Option II is to sacrifice the sub-

carriers in deep fading by using a higher order modulation. In

both cases, the receiver is allowed to discard fountain-encoded
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Fig. 1. Example of the baseband transfer function of a frequency selective
Channel model A [5].

packets over the sub-carriers in deep fading. Correspondingly,

the power consumption in ADCs decreases.

Opportunistic error correction is a novel cross coding

scheme, as it combines the joint coding scheme and the

separate coding scheme. Here, we call opportunistic error

correction based on Option I as OEC-I and the one with

Option II as OEC-II. In [8], we have investigated the per-

formance of OEC-I. With the same throughput, simulation

results showed that OEC-I saves more than 70% of energy in

ADCs comparing to the IEEE 802.11a system [8]. However,

the performance of OEC-II is still not clear. With convolutional

codes, simulation results show that using 16-QAM instead

of QPSK gives us a Signal-to-Noise Ratio (SNR) loss of

around 6 dB (i.e. an increase in the ADC’s resolution). That

also gives us more discarded sub-carriers (i.e. a decrease in

the ADC’s resolution). Therefore, we investigate whether the

tradeoff based on Option II is profitable in this paper.

The outline of this paper is as follows. We propose two

techniques which together form OEC-II to reduce the power

consumption: fountain codes and resolution adaptive ADCs.

First, fountain codes are discussed which is followed by

resolution adaptive ADCs. A practical example is given in

this paper by considering the IEEE 802.11a system [9]. In

section IV, the system model is depicted. Afterwards, simu-

lation results are discussed, which compare OEC-II with the

conventional 802.11a system. The paper ends with a discussion

of conclusions and indication of future work.

II. FOUNTAIN CODES

OEC-II is based on fountain codes. Any fountain code (e.g.

Luby Transform (LT) codes [10], Raptor Codes [11], etc) can

be applied. In this paper, we choose LT codes to prove the

concept of OEC-II.

Consider a block of size K packets s1, s2, · · · , sK to

be encoded by a fountain code. A packet has m bits and

considered as a unit. A fountain-encoded packet is generated

by selecting a set of source packets randomly and computing

the bitwise sum (XOR) of these source packets [6]. Fountain

codes can supply an unlimited stream of encoded packets

based on s1, s2, · · · , sK . In practical systems, only a fixed

number of packets Nt is generated.

At the receiver, enough packets have to be received to

reconstruct the original file. The required number of received

packets N (N ≤ Nt) is slightly larger than K and is defined

by [6]:

N = (1 + ε)K (1)

where ε is the percentage of extra packets and is called the

overhead.

The mathematical principle behind the fountain decoding is

to solve K unknown parameters from N linear equations. In

principle, it can be solved by Gaussian elimination which has

a high complexity. Therefore, the message-passing algorithm

[12] is usually chosen to decode fountain codes. The message-

passing algorithm has a linear computation cost [6], but it

requires a large ε for small block size. For example, the

practical overhead of LT codes is 14% when K = 2000, which

limits its application in the practical system [8]. By combining

the message-passing algorithm with Gaussian elimination, the

overhead of LT codes is reduced to 3% when K ≥ 500 [8].

Fountain codes are designed for erasure channels. However,

wireless channels are noisy channels. In practical systems,

other error correction algorithms are used to convert the noisy

channels into erasure channels, often Low-Density Parity-

Check (LDPC) codes [12]. In this paper, LDPC codes are used

together with a Cyclic Redundancy Check (CRC) to make the

wireless channel behave like an erasure channel.

Our OEC-II encoding scheme has 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)1. The received packet is

discarded if its energy is below the threshold. If the LDPC

decoding fails, the received packet is discarded as well. If the

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 has obtained N surviving

fountain-encoded packets, it starts to recover the source data.

III. RESOLUTION ADAPTIVE ADCS

In the OFDM system, signal detection is performed in

the frequency domain after equalization. It is not beforehand

known how many ADC bits are required for proper detection,

as quantization happens in the time domain. In this section,

we derive a relation between the quantization noise in the time

domain and the frequency domain for the OFDM system. After

that, we present a scheme to design an optimum low-resolution

ADC for the OFDM system in a certain channel condition.

1As the fountain-encoded packet in this paper has a short length (i.e. 312
bits), the LDPC decoding succeeds at a probability of more than 99.7% when
BER ≤ 10−5.



A. Minimum Number of Quantization Levels

Because the quantization noise depends on the signal, we

first analyze the statistical characteristics of the ADC input rn.

The channel is supposed to be noiseless, so the output at the

nth moment rn is defined as:

rn =

L−1∑

l=0

hlxn−l (2)

where L is the number of channel taps, hl the channel tap 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. From [13], we know that xn can be modeled as a

complex Gaussian-distributed random variable with zero-mean

and a variance of 1.

According to the Central Limit Theorem, the probability

density function of rn can be described as:

f(rn) ≈
1

π
e
−

|rn|2
∑

l
|h

l
|2 (3)

In other words, rn ∼ CN(0,∑l |hl|2).
The ADC output yn is expressed by:

yn = Q(rn) =
∑

l

hlxn−l + nn (4)

where nn is the quantization noise in the time domain. From

[13], we know that nn is uniformly distributed with zero mean

and a variance of ∆
2

6
, where ∆ is the uniform quantization

step.

After the OFDM demodulation, we obtain Yk as:

Yk =
1√
N

∑

n

yne
−j 2π

N
nk

= HkXk +Nk (5)

where Nk is the quantization noise in the frequency domain

and Hk is the transfer function of the k-th sub-carrier defined

by:

Hk =
∑

l

hle
−j 2π

N
lk (6)

In [13], the authors have shown that Nk is a Gaussian

distributed random variable with zero mean and a variance of
∆

2

6
. Thus, for each sub-carrier, the variance of the quantization

noise is the same, but the Signal-to-(quantization)-Noise Ratio

(SNR) is different due to different Hk:

SNRk =
|Hk|2
∆2

6

(7)

Error correcting codes are applied to mitigate the effects

of quantization and each code has a certain SNR threshold

to achieve a BER at a certain order (e.g. 10−5) or lower.

So, the quantization step ∆ can be determined once the error

correcting code is chosen, the modulation type is decided and

the channel is estimated.
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SNR ≥ 12 dB => Nq = 16

SNR ≥ 12 dB => Nq = 42

Fig. 2. The difference in the number of ADC levels Nq between the
transmission Scheme I and the transmission Scheme II.

If some clipping is allowed, the number of quantization

levels Nq is given by [13]:

Nq = 2⌈C
∆
⌉ (8)

where C is equal to 3σrn . For a given channel, Nq only

depends on ∆. In such a case, ∆ depends not only on the

applied error correction codes and the chosen modulation type

in the system, but also on how the encoded bits are transmitted.

Assume that fountain-encoded packets are transmitted over

a wireless channel as shown in Fig. 1 and that a packet is

received correctly when the SNR ≥ 12 dB. There are two

schemes to transmit a fountain-encoded packet:

• Scheme I is to transmit a packet over all sub-carriers

like current WLAN systems. In this case, the coding is

done jointly. As we know, all sub-carriers have different

energy. To make sure that the fountain-encoded packet

can be correctly received, we should adapt the ADC’s

resolution to the worst case (i.e. the SNR of the worst

sub-carrier should be at least equal to 12 dB). Therefore,

the required number of quantization levels Nq for

Scheme I is 42 for the example in Fig. 2.

• Scheme II transmits a packet over a single sub-carrier.

Since each fountain-encoded packet is independent, it

does not matter if we discard some packets which are

transmitted over the sub-carriers in deep fading. From

Fig. 2, we can see that by discarding 2 sub-carriers,

Nq can be reduced to 16 in comparison to Scheme I.

The power consumption in a CMOS-based ADC scales

linearly with Nq [14]. In such case, discarding 2 sub-

carriers in this example saves us around 62% power in

ADCs comparing to Scheme I.



B. Energy Consumption

To receive a file, the energy consumption of the ADC is

proportional to the number of quantization levels Nq for each

MAC frame and the total number of MAC frames Mc used to

transmit this file. In the WLAN system, the channel for each

MAC frame is considered to be constant. Mc depends on the

size of file, the code rate of error correcting codes and the

modulation type. It does not have to be an integral number.

Thus, the energy consumption in ADCs to receive a certain

amount of information is defined as:

E =

Mc−1∑

i=0

αiNqiM (9)

where αi is the percentage of the i-th channel realization

where useful information is transmitted, Nqi is the number

of quantization levels used in the i-th channel realization, and

M is the number of samples per MAC frame.

IV. SYSTEM MODEL

OEC-II is based on fountain codes and resolution adaptive

ADCs which have been explained in the above sections. OEC-

II can be applied in the OFDM system. In this paper, the IEEE

802.11a system is taken as an example of OFDM systems.

The Forward Error Correction (FEC) layer in the cur-

rent 802.11a system is based on Rate Compatible Punctured

Convolutional (RCPC) codes. These codes only have good

performance for random bit errors. Interleaving is employed

to reduce burst errors. Each encoded packet is transmitted over

all the sub-carriers, as the sub-carriers with high-energy can

compensate for those with low-energy. Although this solution

works well in practical systems, it is not energy efficient due

to the following:

• The resolution of the applied ADCs is fixed for a 802.11a

system.

• Even with a resolution adaptive ADC, the lowest res-

olution of ADCs required by the current FEC layer is

dependent on the dynamic range of the channel.

• The receiver can not predict whether the received packet

is likely to be decodable. That leads to a waste of

processing power.

The above problems can be solved by OEC-II, as depicted in

Fig. 3. The key idea is to increase the order of the modulation

to compensate for the discard of the sub-carriers in deep

fading. In such case, we can generate additional packets by

the fountain encoder. First, source packets are encoded by a

LT code, which is designed by using parameters c = 0.03
and σ = 0.3 [6]. Then, a 12-bit CRC checksum is added

to each fountain-encoded packet before the LDPC decoding

is applied. In this paper, we choose the (324,648) LDPC

code defined in the IEEE 802.11n standard [15] to encode

each fountain-encoded packet. On each sub-carrier, a fountain-

encoded packet is transmitted. Thus, multiple packets are

transmitted simultaneously, using frequency division multi-

plexing.

At the receiver side, we assume that the synchronization

is perfect. With perfect channel estimation, the resolution of

ADC is adapted to the minimum for the current channel

condition according to Equation 7 and 8. However, the channel

may not be perfectly estimated in practice. In this paper, we

employ the zero-forcing algorithm to estimate the channel.

A set of training symbols defined in [9] is used to estimate

the channel. To reduce the channel estimation error, we set

the ADCs in high-resolution mode to quantize the training

symbols.

The kth sub-carrier can be estimated by:

Ĥk =
Yt

Xt

= Hk +
Nh

Xt

(10)

where Yt is the received training symbol, Xt is the transmitted

training symbol and Nh is the quantization noise from high-

resolution ADCs. So, we can rewrite the output signal in the

frequency domain after quantization defined in Equation 5 as:

Yk = HkXk +Na

= ĤkXk −
Nh

Xt

Xk +Na

= ĤkXk +N ′ (11)

where Na is the quantization noise from resolution-adaptive

ADCs. The variance σ2
N ′ of N ′ is equal to σ2

Nh
+ σ2

Na
.

Therefore, with the channel estimation error, the SNR for each

sub-carrier defined in Equation 7 can be updated as:

SNRk =
|Ĥk|2
σ2
N ′

=
|Ĥk|2

σ2
Nh

+ σ2
Na

=
|Ĥk|2

σ2
Nh

+ ∆2

6

(12)

The channel estimation error will affect the SNR threshold

for the correct LDPC decoding, as shown in Fig. 4. From this

figure, we can see that the BER degradation can be neglected

(within 0.1 dB for BER ≤ 10−5).

V. PERFORMANCE ANALYSIS

In this section, we analyze the performance of OEC-II by

comparing the following scenarios. Scenario I is a RCPC with

interleaving from the IEEE 802.11a standard with RI = 0.5
and QPSK as the modulation scheme. Fixed-resolution ADCs

are used in Scenario I. As the standard allows 10% packet

loss, the resolution of ADCs in Scenario I is designed for

90% channel realizations. In Scenario II, we replace the fixed-

resolution ADCs in Scenario I by resolution adaptive ADCs.

Scenario III is OEC-II based on fountain codes and resolution

adaptive ADCs. Scenario III employs the same modulation

scheme as Scenario I. In Scenario III, the code rate of LT

code RLT is around 0.97 and the code rate of LDPC plus

CRC RLDPC−CRC is around 0.48, so its total code rate RIII is



(a) Transmitter

(b) Receiver

Fig. 3. The proposed IEEE 802.11a system with OEC-II: transmitter (top) and receiver (bottom).
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around 0.47. To have the same effective throughput, Scenario

III is allowed to discard around 4% (i.e. 0.5 × 0.9/0.47) of

data sub-carriers. Scenario IV is OEC-II with 16-QAM. In

this case, around 52% (i.e. (2 × 0.5 × 0.9)/(0.47 × 4)) of

data sub-carriers can be discarded. Scenario V is OEC-II with

64-QAM which allows us to discard around 68% (i.e. (2 ×
0.5 × 0.9)/(0.47 × 6)) of data sub-carriers. In addition, 48

sub-carriers are used to transmit data as defined in [9].

Fig. 5 shows the average energy consumption in ADCs

to receive a burst of data for two situations: with perfect

channel knowledge and with non-perfect channel knowledge.

Simulation results are based on the transmission of 1000

data bursts. Each burst consists of 168168 source bits (i.e.

539 packets with a length of 312 bits per packet) which

are transmitted over 12 different channel realizations. For

Scenario I and II, we use the corresponding BER value (i.e.

Fig. 5. Comparison in the ADC energy consumption between Scenario I,
II, III, IV and V. They are compared in two situations: with perfect channel
knowledge and with non-perfect channel knowledge. The energy consumption
of Scenario I with non-perfect channel knowledge is normalized to 1.

BER ≈ 2.3 × 10−4 as one packet is 54 Bytes) for the 10%

packet loss. In such case, the sub-carrier with the lowest energy

should have a SNR of 3.5 dB. In the case of Scenario III, IV

and V, we assume that the received packets can be decoded

successfully if the SNR is equal to or higher than the threshold

(i.e. BER ≤ 10−5). Hence, all the wanted sub-carriers should

be at least higher than the SNR threshold. From Fig. 4, we can

see the SNR threshold for the situation with perfect channel

knowledge is the same as the case with non-perfect channel

knowledge (i.e. 3 dB for QPSK, 8 dB for 16-QAM and 13 dB

for 64-QAM).

In Fig. 5, we normalize the energy consumption of Scenario

I with non-perfect channel knowledge to 100%. As we can

see from this figure, the channel estimation error costs more

ADC’s energy in Scenario I and II, but that does not happen

in the case of OEC-II (i.e. Scenario III, IV and V). Because



the zero-forcing algorithm assumes no noise in the received

signal, it performs better when the SNR is higher. Therefore,

high-energy sub-carriers can be more accurately estimated than

those in deep fading. In Scenario III, IV and V (i.e. OEC-II),

we only need to take care of high-energy sub-carriers but we

have to take care all the sub-carriers in the case of Scenario

I and II. That explains OEC-II is less sensitive to the channel

estimation error than the FEC layer in the 802.11a system.

In both situations, Scenario I costs the most ADC energy.

Due to the resolution adaptive ADCs, Scenario II consumes

less energy in ADCs than Scenario I. Resolution adaptive

ADCs save around 42% energy in ADCs with perfect channel

knowledge and around 48% power in the case of non-perfect

channel knowledge. Fountain codes give a further power

reduction in ADCs. With respect to the FEC layer from the

IEEE 802.11a standard (i.e. Scenario II), OEC-II costs less

energy in ADCs no matter which modulation type we use.

In both situations, OEC-II with 16-QAM (i.e. Scenario IV)

requires the least energy, which is followed by OEC-II with

QPSK (i.e. Scenario III) then by OEC-II with 64-QAM (i.e.

Scenario V). This shows the tradeoff between the ADC’s

energy consumption and the modulation order. Fountain codes

with 16-QAM saves another 25% energy in ADCs in both

situations. In total, OEC-II with 16-QAM (i.e. Scenario IV)

reduces the power consumption in ADCs by around 67% with

perfect channel knowledge and around 73% with non-perfect

channel estimation comparing to Scenario I.

VI. CONCLUSIONS

In this paper, we propose a novel cross-layer scheme to

lower the power consumption of ADCs by combining a res-

olution adaptive ADC with OEC-II. Current OFDM systems

employ fixed high-resolution ADCs which are designed for

worst-case scenarios. Therefore, resolution adaptive ADCs

can potentially save power in wireless receivers by tuning

the ADC for each channel condition at run time. A further

power reduction can be achieved by OEC-II based on fountain

codes. The basic idea of OEC-II is to exchange the order of

modulation with the discarded sub-carriers. By transmitting a

fountain-encoded packet over a single sub-carrier, the receiver

is allowed to discard packets over the sub-carriers in deep

fading. Therefore, the ADC is allowed to take care of the sub-

carriers with high energy only. Correspondingly, the power

consumption in ADCs decreases.

In this paper, we have investigated the performance of

OEC-II in two situations: with perfect channel knowledge

and with non-perfect channel knowledge. With respect to

the conventional IEEE 802.11a system, resolution adaptive

ADCs save around 42% energy in ADCs with perfect channel

knowledge and around 48% energy in the case of non-perfect

channel knowledge. In both situations, OEC-II with 16-QAM

requires the least energy in ADCs, which is followed by

OEC-II with QPSK then by OEC-II with 64-QAM. Fountain

codes with 16-QAM saves another 25% energy in ADCs in

both situations. In total, OEC-II with 16-QAM reduces the

energy consumption in ADCs by around 67% with perfect

channel knowledge and around 73% with non-perfect channel

estimation in comparison with the traditional 802.11a system.

The performance of OEC-I (i.e. to exchange the code rate

of error correcting codes with the discarded sub-carriers) has

been studied in [8] and evaluated practically in [16]. OEC-

I saves more than 70% energy in the ADC comparing to

the conventional 802.11a system. Therefore, further research

focuses on the optimization of OEC by combining OEC-I and

OEC-II together.
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