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Abstract—Low-latency, low-overhead and reliable control channels are essential to the efficient operation of wireless networks.

However, control channels that utilize current in-band and out-of-band designs do not fully meet this requirement. In this paper, we

design and implement Aileron, a novel control channel based on automatic modulation recognition that carries control frames over an

OFDM(A) PHY by varying the modulation rate of the OFDM subcarriers. With Aileron, the control information is embedded into the

modulation type, not as the actual symbol value. The thus-transmitted information can be received with little to no frame

synchronization. We have evaluated Aileron using both extensive simulations and real-world measurements, and discovered that

control frames can be transmitted with more than 80 percent accuracy using only 10 OFDM blocks on a channel with SNR of merely

10 dB. In order to demonstrate its applicability and efficiency in realistic networking scenarios, we also show how Aileron can be used in

conjunction with a fine-grained channel access protocol to increase throughput under heterogeneous link conditions.

Index Terms—Wireless networks, control channels, low overhead

Ç

1 INTRODUCTION

SPECTRUM aggregation is necessary to achieve the high
bandwidth channels needed to meet the coverage and

capacity demands of mobile wireless devices in the face of
growing spectrum scarcity. It is arguable that a single
spectrum band can fully meet the demands from wireless
users. For example, even though devices can achieve high
throughput by using the 60 GHz bands, the high attenua-
tion of millimeter wave transmissions limits the coverage at
that frequency. Conversely, 2.4 GHz ISM bands offer good
coverage but are hamstrung by the limited bandwidth avail-
ability. Furthermore, it is well-known that simply increasing
the contiguous bandwidth within a specific spectrum band
does not necessarily improve throughput due to increased
interference [1]. Hence, even in widely-deployed distrib-
uted WiFi CSMA networks, spectrum aggregation must be
employed to combine the coverage and capacity features
from multiple disjoint spectrum bands.

Partially overlapping channels in dynamic spectrum networks.
Current WiFi networks employ a small number of well-
defined channels, with each channel defined by a known
center frequency and bandwidth. All channels occupy only
a continuous block of spectrum. On the other hand, a chan-
nel in a dynamic spectrum aggregation network is a logical
construct built from multiple disjoint spectrum bands. The
number of possible channels is thus exponentially larger—
givenN available spectrum bands, we can construct N! pos-
sible channels. Furthermore, the number and location of
available channels vary across different devices. Due to the

large number of heterogeneously constructed logical chan-
nels, partially overlapping channels between multiple
devices are common.

Coordination is the key challenge. Coordination and control,
such as those carried over RTS/CTS frames, over current
WiFi networks take place coherently. Coherent communica-
tion requires that the PHY of the receiver can decode frames
in their entirety, so as to extract the control messages carried
within them. This means that the transmitter and the
receiver must share the same channel. In typical multi-car-
rier dynamic spectrum networks, coherent coordination is
established via rendezvous protocols [2] or dedicated, pre-
defined or dynamically negotiated [3] control channels.
Such approaches incur a significant channel setup/change-
over delay and thus, cannot be easily adapted for quickly
changing channel conditions, such as those expected in
highly mobile networks.

Our solution: Non-coherent control channel. In this paper,
we design and implement Aileron, a novel low-overhead
control channel built upon non-coherent communication
techniques. Aileron encodes information using the modula-
tion rate of individual OFDM subcarriers while the receiver
usesmodulation identification techniques to recover this infor-
mation. With a non-coherent control channel, devices can
receive control information even from partially overlapping
channels. Devices can extract information from the set of
subcarriers in the portion of the frame that it can receive,
and can still extract control information from transmissions
on partially overlapping channels.

Our key contribution with Aileron is the use of a low-
overhead modulation identification technique for exchang-
ing control information. Typical modulation identification
techniques rely on a large amount of signal data and
higher-order statistics [4], [5] to accurately decern the
modulation of the transmitted signal. Such techniques
thus incur a significant delay and processing overhead,
and are unsuitable for use in data transmission. Aileron
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employs a novel, computationally efficient, yet accurate
modulation scheme (more than 99 percent accuracy) for
exchanging information over partially overlapping bands.

Our contributions can be summarized as follows. First,
we design a reliable, low-overhead modulation-based sig-
naling scheme, Aileron. Second, we implement Aileron on
a USRP2 platform and demonstrate, via experimentation,
its efficiency and robustness. We also evaluate it under
a wide range of channel conditions, demonstrating its
superior performance under varying channel and mobility
conditions. Third, we demonstrate how Aileron can be
combined with a FICA-style frequency-domain contention
scheme to enable frame aggregation in dynamic spectrum
access networks.

The paper is organized as follows. We give an overview
of Aileron in Section 2 and describe the key ideas and tech-
niques behind modulation-based signaling in Sections 3
and 4. We then evaluate Aileron using simulations and real-
world experiments in Sections 5 and 6, respectively. We
briefly discuss other real-world concerns of Aileron in
Section 7. To further motivate the benefits of Aileron in real-
world networks, we demonstrate the ability of Aileron to
enhance spectrum usage in Section 8. We discuss related
work in Section 9 and conclude the paper in Section 10.

2 OVERVIEW OF AILERON

Aileron operates in conjunction with OFDM transmis-
sions and encodes information in the modulation rate,
rather than the constellation point, as is the case with
coherent transmissions.

2.1 How Does Aileron Work?

Aileron overlays a low bitrate control channel on top of
OFDM frames: data is packed into the subcarriers of the
OFDM frame by the PHY protocol, while the control infor-
mation is encoded using the modulation rate of these data
subcarriers. Aileron uses three modulation rates for encod-
ing data: BPSK, QPSK and 8PSK.

Consider the case where data is transmitted using an
OFDM frame, as shown in Fig. 1a. In current WiFi net-
works, the data to be transmitted is first run through an
FEC encoder, followed by an interleaver and modulator.
The modulation rate used here is assumed to be either

determined by an auto-rate algorithm or fixed beforehand.
Finally, the modulated data is mapped to multiple OFDM
subcarriers.

Aileron transmits control information together with the
data bits, as shown in Fig. 1b. To see how this works, con-
sider an example case where BPSK, QPSK, and 8PSK are
mapped to values 0, 1, and 2, respectively. A transmitter
that needs to send an integer-valued control frame first con-
verts control message into ternary numbers. The modula-
tion rate of each subcarrier in the Aileron control channel is
then set according to the value of its corresponding ternary
digit. This subcarrier modulation layout is then used to
carry the original frame information. At the receiver, the
control frame is recovered by recognizing the modulation
rate of each subcarrier and reconstructing the correspond-
ing ternary number. Note that no CSMA overhead is
incurred for the control frames transmitted by Aileron.

2.2 How is Aileron Integrated into Data Networks?

Fig. 2 shows how Aileron is integrated into a data frame.
Aileron is only used on a fraction of the subcarriers in a
frame. The bandwidth of the control channel is directly pro-
portional to the number of subcarriers used by Aileron. Note
that the choice of subcarriers affects the set of partially over-
lapping channels that can receive the Aileron control mes-
sage. In order to maximize the reachability of this control
channel, Aileron can use several disjoint sets of subcarriers.

The Aileron control channel only needs to be employed
when there are control messages to be sent. Regular OFDM
modulation rates can be used for all subcarriers if the frame
does not carry any control message.

Our experimentation with Aileron over real-world chan-
nels has shown that

� over good quality channels (25 dB median SNR),
Aileron can detect BPSK, QPSK and 8PSK with accu-
racy of 100, 98 and 86 percent, respectively,

� over intermediate quality channels (18 dB median
SNR), the accuracy of Aileron is 80, 82 and 89 percent,
respectively,

� over poor quality channels (7 dB median SNR), the
accuracy of Aileron is very poor.

Hence, we integrate Aileron with existing networks as
follows.

Aileron is used on subcarriers with higher SNR. This ensures
that the accuracy of Aileron is as high as possible. Note that
due to the frequency selectivity of wide-band channels,
even channels with low effective SNR have multiple subcar-
riers with high SNR [6]. These subcarriers are found using
the CSI, and are used for Aileron control channels.

Number of Aileron modulation rates used depends on required
accuracy. Since Aileron uses non-coherent signaling, the

Fig. 1. Aileron encodes information using the modulation rate of the sub-
carriers. The frame data is then carried using the Aileron-defined rates.

Fig. 2. Aileron only occupies part of the transmitted frame.
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detection accuracy of each Aileron modulation rate is differ-
ent. Hence, the number of modulation rates used by Aileron
must be adjusted to match the desired accuracy of the control
channel. We note that control information does not necessar-
ily need to be transmitted with 100 percent accuracy. For
example, if a WiFi device fails to decode an RTS/CTS frame
correctly, energy sensing and exponential backoff will still be
able to limit channel interference, albeit with lower efficiency.
Under high SNR channels, if high control channel accuracy is
required, Aileron will be limited to using only BPSK and
QPSK for signaling. Otherwise, all three modulation rates
will be employed.

2.3 How Does an Aileron Receiver Know if a Frame
Contains an Aileron Control Channel?

Recall that Aileron results in varying modulation rates
across different subcarriers, while typical WiFi transmis-
sions use a single modulation rate for all subcarriers. Aile-
ron receiver decodes Aileron control messages by detecting
the modulation rate used in each subcarrier. The Aileron
receiver determines that a control message is present in the
frame if it detects a variation of modulation rates across
multiple subcarriers. Otherwise, it simply ignores the frame.

2.4 How Does a Non-Aileron Receiver Decode the
Aileron Frame?

A non-Aileron receiver that shares the same channel as
the transmitter can decode the frame coherently. The
header will carry additional bits to specify the modula-
tion rates of each of the Aileron subcarriers and a non-
Aileron receiver demodulates the Aileron subcarriers
according to the indicated rates. Other non-Aileron sub-
carriers can be demodulated according to the pre-deter-
mined auto-rate modulation rate.

2.5 What is the Overhead of Aileron on the Network
Throughput?

Synchronization overhead is low. Aileron can acquire OFDM
symbols on a symbol-by-symbol basis, as described in
Section 4.1. Hence, no frame synchronization (that is typi-
cally achieved using preambles) is needed.

Overhead of additional header bits is small. Since 2 bits per
subcarrier is enough to specify the rate of each subcarrier,
the overall overhead will be small—even if all 64 subcarriers
in a WiFi channel is used, only 64� 2=8 ¼ 16 additional
bytes are required. There is merely 1 percent of the size of a
typical 1.5 KB WiFi frame.

Overhead of Aileron modulation is negligible. Aileron may
result in sub-optimal transmission rates as it can use modu-
lation rates that are lower than the maximum supported by
the channel. However, using Aileron in high-bandwidth
WiFi networks is still more efficient than relying solely on
coherent control signaling. This is because Aileron enables
simultaneous transmission of both data and control messages
to non-coherent receivers.

To understand the source of this efficiency, consider the
transmission of a typical WiFi frame, as shown in Fig. 3.
The total time taken to transmit a frame and receive an
ACK is given by ð206þ T Þms where T is the actual airtime
of the frame data. At MCS 31 (i.e., the highest 802.11n

transmission rate), T ¼ 20 ms, thus resulting in a total air-
time of 226 ms. If Aileron uses only BPSK, rather than the
64 QAM allowed at MCS 31, then this airtime increases to
326 ms—a 44 percent increase. However, recall that this
additional time is used to transmit both the data and con-
trol message simultaneously. If coherent transmission is
employed, the transmitter will first have to synchronize to
the control channel, transmit the control frame and wait
for the ACK, leading to an almost 100 percent increase in
airtime over the standard WiFi transmission in Fig. 3.
Hence, using Aileron in WiFi networks can more than
halve the overhead of control frames.

We emphasize that this gain comes from our novel and
unique use of coherent and non-coherent communications
in wireless networks.

Aileron and 802.11n frame aggregation 802.11n frame aggre-
gation increases the amount of data that is transmitted in
each frame. In order to minimize the impact of Aileron,
only the first frame is encoded using Aileron. The other
frames will be transmitted without any Aileron overlay.

2.6 Aileron for Channel Monitoring

Contention management is a key in maximizing the capac-
ity of current WiFi networks [7], [8], and accurate determi-
nation of transmission rate across multiple links is a key
step to achieve this. In current WiFi networks, this is solely
accomplished via coherent information exchange: nodes
decode overheard frames to determine parameters such as
the achievable rates of neighboring links, the contention
behavior of hidden/exposed nodes, etc. Such coherent mon-
itoring is difficult in networks with the prevalence of par-
tially overlapping channels.

An Aileron device can still extract rate information from
neighboring non-Aileron devices by detecting the modula-
tion rate used in their transmissions. Furthermore, this can
be accomplished without full knowledge of the spectrum
fragments that constitute the logical channel. For example,
Aileron can be used to construct CMAPs [7] even in par-
tially overlapping channels without channel synchroniza-
tion. Hence, Aileron is an important and effective vehicle
even when used with non-Aileron devices.

3 AILERON DESIGN

Aileron can operate in either active or passive modes. In
both of these modes, control information is encoded
in terms of the modulation rate of each subcarrier of trans-
mitted data.

Fig. 4 shows the five constellations recognized by Aile-
ron: BPSK, QPSK, 8 PSK, 16 QAM, and 64 QAM. Each point
in a constellation diagram is used to encode log2 M bits,
where M is the total number of points in the diagram. For

Fig. 3. Airtime of different components of a WiFi transmission.
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an arbitrary subcarrier, the constellation diagram chosen to
encode its bits determines its modulation rate. The PSK and
QAM constellations in Fig. 4 are each chosen such that
lower-level modulations are subsets of higher-level modula-
tions—the QPSK constellation includes the two points of the
BPSK constellation, and likewise, the 8 PSK constellation
contains the points in both QPSK and BPSK. QAM constella-
tions differ from the PSK constellations in that no constella-
tion point exists along the in-phase and quadrature-phase
axes. However, QAM constellations still maintain the subset
property, although no QAM constellations are subsets of
any PSK constellation, and vice versa.

3.1 Active-Mode Aileron

Fig. 5 illustrates the architecture of the Aileron transmitter
and receiver of a simple three-node network. The transmit-
ter, node A, contains an Aileron encoder module that maps
the control frame into the modulation rates of the Aileron
subcarriers. The modulation rates of these subcarriers are
limited to BPSK, QPSK and 8 PSK, which correspond to the
ternary bases, 0, 1 and 2. Subcarriers that are not used for

Aileron signaling (i.e., non-Aileron-subcarriers) are not
restricted to these constellations. Additionally, the subcar-
rier that precedes the Aileron subcarrier must be forced to
the BPSK modulation. This is done to accommodate the
OFDM symbol acquisition algorithm of Aileron as detailed
in Section 4. The OFDM PHY at A uses these selected modu-
lation rates to generate the OFDM frame that it transmits to
C. The Aileron decoder at B recovers the control frame
from the symbols received by the OFDM PHY from a multi-
channel or partially-overlapping transmission.

For example, Fig. 6 shows a set of six consecutive OFDM
subcarriers from a single 802.11g OFDM symbol, p1; . . . ; p6,
that are used to represent a ternary value, with p1 being the
least significant ternary digit. Suppose that BPSK, QPSK
and 8PSK map to integers 0, 1 and 2, respectively. In order
to encode the base-10 number 510 to 0123, we set the non-
Aileron-subcarriers p1, p3 and p5 to be BPSK-modulated,
and set the Aileron-subcarriers p2, p4 and p6 to be BPSK,
QPSK, and 8 PSK-modulated, respectively.

3.2 Passive-Mode Aileron

Rate-control algorithms in wireless networks select the fast-
est modulation rate given channel conditions. Hence, the
state of the channel between a pair of communicating nodes
can be inferred from the modulation rate used by them. For
example, this information can be integrated into CMAPs [7]
to increase the spatial reuse of more challenging whitespace
and multi-channel networks.

Passive-mode Aileron does precisely this, identifying
the modulation rate of each subcarrier of an unmodified
OFDM frame. Fig. 5b shows an example Aileron device B
that can overhear transmission between two non-Aileron
devices A and C. A transmits frames to C using a stan-
dard 802.11a/g/n protocol and the Aileron decoder in B
identifies the subcarrier modulation rates from the over-
heard OFDM symbols recovered by the PHY. Aileron can
differentiate between BPSK, QPSK and 8 PSK. It can also
differentiate between PSK and QAM, but the identifica-
tion of 16 and 64 QAM is more involved and the subject
of our future work.

3.3 Automatic Modulation Recognition

In both passive and active Aileron, the Aileron decoder
employs a novel algorithm for Automatic Modulation Rec-
ognition (AMR) [9] to determine the modulation type of
each subcarrier in a group of N identically-modulated
OFDM symbols. Let Sk ¼ fsk;1; . . . ; sk;Ng be a sequence of
received samples of the kth subcarrier of N consecutive
OFDM symbols. These samples are modulated using a
constellation C ¼ fc1; . . . ; cMg with M points. These OFDM
symbols must satisfy:

rðsk;iÞ ¼ rðsk;jÞ; i 6¼ j; 1 � i; j � N; 1 � k � K: (1)Fig. 5. Active and passive Aileron.

Fig. 6. Active-mode Aileron used to encode the value 510 that is
equal to 0123.

Fig. 4. Phase-Shift Keying (PSK) and Quadrature Amplitude Modulation
(QAM) constellations recognized by Aileron.
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where rðsk;nÞ is the modulation rate of sk;n andK is the total
number of subcarriers in each OFDM symbol. Note that it is
possible for rðsk;nÞ 6¼ rðsk0;nÞwhen k 6¼ k0. How to differenti-

ate between these modulations is described in Algorithm 1.
Each of the modulation rates—BPSK, QPSK and 8 PSK—
has an associated decision rule, indicated by the functions
is_bpsk, is_qpsk and is_8psk, respectively. Active-
mode Aileron only uses BPSK, QPSK and 8 PSK: it matches
the signal samples against the BPSK and QPSK rules. If the
samples match neither of these rules, the modulation is
declared to be 8 PSK. Passive-mode Aileron matches the sig-
nal against all three rules and if no match is found, the mod-
ulation of samples is declared to be “QAM. Passive-mode
Aileron does not differentiate between 16 and 64 QAM
because the constellation points of QAM are encoded using
both magnitude and phase. It is not possible to accurately
recover the magnitude without proper calibration using the
frame preamble. On the other hand, because it is easy to dif-
ferentiate between the three PSK schemes, we will restrict
the allowable modulation schemes in active-mode Aileron
to the PSK modulations to improve signaling reliability.

Algorithm 1. Automatic Modulation Recognition

Data: Sk is a sequence ofN constellation points
Result: Identified modulation
begin
if is_bpsk Sk then

return “BPSK”;
else if is_qpsk Sk then

return “QPSK”;
else if Active-mode or is_8psk Sk then

return “ 8PSK”;
else

return “QAM”;
end

end

4 AILERON ALGORITHM DETAILS

4.1 How Does Aileron Acquire an OFDM Symbol?

Aileron identifies subcarrier modulation rates from the
OFDM symbols that are recovered from arbitrary locations
of the transmitted frame. Aileron differs from traditional
communication protocols in that it operates on individual
OFDM symbols rather than frames. Energy detection is used
to determine the presence of a frame transmission. Note
that energy detection will work even over partially overlap-
ping channels. Once Aileron detects the frame, it corrects
the frequency drifts and timing offsets before identifying
the modulation rates of each subcarrier.

Symbol detection and frequency drift correction are per-
formed together using the van de Beek ML estimation algo-
rithm [10]. However, this algorithm still cannot always
guarantee perfect timing recovery. This timing recovery
error induces a phase error in the subcarriers, due to the
known property of Discrete Fourier Transforms: a timing
offset of l samples introduces a phase error of e�j2pkl=M in
the kth subcarrier. The corrected symbol Yk in the kth sub-
carrier is obtained using the relation:

Yk ¼ Xk �X�k�1=jXk�1j (2)

where the ð�Þ� operator denotes the complex conjugate and
Xk is the uncorrected symbol in the kth subcarrier. If the
symbols Xk and Xk�1 are from the same constellation, then
this correction will preserve the modulation scheme for sub-
sequent recognition by Aileron. For example, ifXk andXk�1
are modulated using QPSK, then Yk will definitely be one of
the QPSK constellation points. However, the actual constel-
lation point held by Xk is lost, thus preventing the original
bit content from being recovered. This does not affect Aile-
ron since only the modulation type is of our interest.

In Aileron, if Xk is used to encode a bit of control infor-
mation, then the modulation rate of Xk�1 is set to BPSK to
maximize the probability of correctly identifying the modu-
lation type ofXk.

4.2 What Are the Decision Rules?

Consider a sequence of subcarrier values, Sk, modulated
with C. The normalized mean squared error (MSE) between
Sk and the ideal constellation points is

MSECðSkÞ ¼ 1

N

XN

n¼1
min
cm2C

sk;n
jsk;nj �

cm
jcmj

� �� �2

: (3)

The normalization of Sk and C minimizes the errors due
to the randomly varying magnitude of the received sam-
ples. The decision rule for each modulation scheme is
based on the difference between the MSE of Sk to the con-
stellations:

GC1;C2
ðSkÞ , MSEC1

ðSkÞ �MSEC2
ðSkÞ: (4)

To understand the intuition behind this rule, consider, as
an example, the process of detecting a QPSK transmission.
The MSE w.r.t. a BPSK constellation is larger than that w.r.t.
an 8 PSK constellation, since there are more points in the
8 PSK constellation with which the QPSK transmission can
be “matched” with. We note that with each modulation
rate, the set of MSE differences with respect to different con-
stellations can serve as its signature. Aileron uses these sig-
natures to identify the modulation rate in each subcarrier.

Fig. 7 illustrates the signatures of different modulation
rates under varying SNR. We show the mean and standard
deviation of the difference in MSE of the received symbols
of each supported modulation scheme with respect to the
ideal constellations. For every supported modulation, we
transmit 320 symbols using 10 OFDM blocks of 32 subcar-
riers each over an AWGN channel with varying SNR levels.
In each figure, we use the notation “C1 � C2” to represent
GC1;C2

ðSkÞ.
a) Recognizing BPSK. The decision rule used to recognize

received symbols that are modulated with BPSK is

G16QAM;64QAMðSkÞ � GBPSK;QPSKðSkÞ; and (5)

G16QAM;64QAMðSkÞ � GQPSK;8PSKðSkÞ; and (6)

G16QAM;64QAMðSkÞ � G8PSK;16QAMðSkÞ: (7)

By comparing Fig. 7a with the other sub-figures in Fig. 7,
one of the defining characteristics of the BPSK modulation is
found to be the fact that the mean value of MSE16QAMðSkÞ�
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MSE64QAMðSkÞ is greater than all other MSE differences at
SNRs greater than 2 dB. This is precisely the characteristic
used in Eqs. (5), (6) and (7) to identify BPSK.

b) Recognizing QPSK. The decision rule to recognize an
input stream modulated with QPSK is

GBPSK;QPSKðSkÞ � G16QAM;64QAMðSkÞ
� GQPSK;8PSKðSkÞ; and

(8)

G16QAM;64QAMðSkÞ � G8PSK;16QAMðSkÞ: (9)

The input symbols are first matched against the BPSK
decision rule and the QPSK decision rule is considered only
if the BPSK decision rule does not evaluate to be true on the
sequence of input symbols. Fig. 7b shows the differences in
MSE values of a QPSK input sequence with respect to the
various ideal constellations. Obviously, the ideal BPSK con-
stellation only contains half the points of the QPSK constel-
lation. Hence, the mean distance between the QPSK input
symbols to BPSK constellation points is significantly larger
than the distance to the QPSK constellation points, thus
making the QPSK constellation a “better” match for the
input symbols than the BPSK constellation. As a result, we
now have the properties

GBPSK;QPSKðSkÞ � GQPSK;8PSKðSkÞ; and (10)

GBPSK;QPSKðSkÞ � G16QAM;64QAMðSkÞ (11)

that hold true for expected MSE values. Since the mean dis-
tance of the QPSK- and BPSK-modulated received symbols
to the other constellations is largely similar, Eqs. (6) and (7)
still hold. Hence, we obtain the QPSK decision rule by com-
bining Eqs. (6), (7), (10), and (11).

c) Recognizing 8 PSK. The decision rule to recognize a
sequence of input symbols modulated using 8 PSK is

GQPSK;8PSKðSkÞ � GQPSK;16QAMðSkÞ; and (12)

GQPSK;16QAMðSkÞ � G16QAM;64QAMðSkÞ; and (13)
GQPSK;16QAMðSkÞ < 0; and (14)

jG8PSK;16QAMðSkÞj � a; and (15)

jGQPSK;8PSKðSkÞ � G16QAM;64QAMðSkÞj � b: (16)

The 8 PSK decision rule is used after both the BPSK and
QPSK decision rules have been evaluated to be false on the
input symbols. Hence, the 8 PSK decision rule only needs to
differentiate 8 PSK from 16 and 64 QAM constellations. It is

obvious from Figs. 7c, 7d and 7e that at SNRs greater than
6 dB, Eqs. (12)–(14) represent the key characteristics of the
mean MSE differences that distinguish 8 PSK from 16 and
64 QAM. However, we also observe that with a 16 QAM-
modulated input sequence (Fig. 7d), at SNRs greater
than 18 dB, the mean values of MSEQPSKðSÞ �MSE8PSKðSkÞ,
MSEQPSKðSkÞ � MSE16QAMðSkÞ and MSE16QAMðSkÞ �
MSE64QAMðSkÞ are close enough such that Eqs. (12)–(14) will
hold true for a significant proportion of the actual MSE dif-
ference values, thus increasing the probability that 16 QAM
will be mis-recognized as 8 PSK. To prevent this, Eqs. (15)
and (16) ensure that these MSE differences must not be “too
close” in order for the 8 PSK modulation to be correctly
identified, with the degree of closeness to be defined by the
parameters a and b. In our evaluation, we have found that
a ¼ b ¼ 0:03 gives the highest accuracy in differentiating
8 PSK from QAM constellations.

4.3 What is the Appropriate Size of N?

The variance of the MSE and the corresponding accuracy of
Aileron depends on the length (N) of the input sequence
Sk—AMR accuracy improves with longer input sequences
but at the cost of a longer recognition delay.

The AMR window refers to the number of OFDM symbols
used by each iteration of the AMR algorithm. This directly
affects the length (N) of the sequence of input symbols Sk to
the MSE equation (3). With active-mode Aileron, since
every signaling subcarrier can use a different modulation
scheme, an AMRwindow of lengthN (i.e.,N OFDM blocks)
will only produce N input symbols from a single subcarrier
position. On the other hand, with passive-mode Aileron, all
the data subcarriers use the same modulation scheme, so an
AMRwindow of lengthN will containN �K input symbols,
where K is the number of data subcarriers per OFDM sym-
bol. Our evaluation of Aileron will investigate the effects of
the AMR window length on its accuracy.

5 EVALUATION USING SIMULATED CHANNELS

In this section, we evaluate the accuracy of Aileron under a
wide range of simulated channel conditions. Some of these
conditions, such as the doppler frequency seen at 100 m/s,
cannot be easily created on a testbed. Thus, we use simu-
lated channels to conduct a thorough evaluation of Aileron.

5.1 Experimental Setup

We implemented Aileron using an OFDMA PHY in GNUR-
adio with the parameters listed in Table 1. We assume that
Aileron is used in conjunction with a MAC protocol to coor-
dinate channel access between transmitters. Hence, a single
transmitter–receiver pair is sufficient to understand the

Fig. 7. Differences in MSE values for input sequences of different modulation rates.
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performance of Aileron. The transmitted samples are fil-
tered using a simulated channel in MATLAB, using the
parameters in Table 2, before being passed to the receiver.

Aileron is evaluated using the following JTC channel
models in MATLAB: jtcInResC, jtcInOffC, jtcIn-

ComC, and jtcOutUrbHRLAC that correspond to Indoor
residential C, Indoor office C, Indoor commercial C, and
Outdoor urban high-rise areas–Low antenna C, respec-
tively. Note that the variation of the doppler frequency
from 0 to 800 in 80 Hz increments correspond to movement
speeds of 0 to 100 m/s in increments of 10 m/s at a center
frequency 2.4 GHz. The set of chosen channel models,
doppler frequencies and SNRs represent a wide range of
possible channel conditions under which the AMR algo-
rithm has to operate. The SNR of the channel is representa-
tive of the interference seen on the channel. Due to space
limitation, we will only present the evaluation results
obtained using the jtcInOffC channel. The performances
of Aileron under the other channel models are very similar.

5.2 Aileron Accuracy in Static Environments

Active-mode Aileron accuracy under different SNRs. Fig. 8
shows the accuracy of active-mode Aileron over channels
without mobility: symbols are sent over the fading channel
with no doppler shift, which is representative of a typical
indoor office WLAN environment. This accuracy of Aileron
is computed over 50,000 AMR windows of 10 OFDM
symbols each.

Aileron is shown to be able to recognize BPSK and
QPSK modulations with practically perfect accuracy at
SNR above 16 dB. 8 PSK is detected correctly approxi-
mately 79 percent of the time at all SNR levels. It must be
stressed that this level of accuracy is achieved using only

10 received symbols. As expected, the active-mode Aileron
detection accuracy improves as we increase the number
of symbols used by the AMR.

Active-mode Aileron accuracy under different AMR window
sizes. Fig. 9 shows the AMR accuracy of active-mode Aile-
ron when channel SNR and doppler shift are fixed at 8 dB
and 0Hz, respectively. BPSK and QPSK modulations are
recognized with 99 percent accuracy with 25 received sym-
bols while 75 received symbols are required to achieve the
same accuracy with 8 PSK. This trend—where 8 PSK is rec-
ognized less accurately than BPSK and QPSK, given the
same number of received symbols—persists even at higher
SNR levels.

Active-mode (mis)detection performance. Fig. 10 shows the
detection probability of the all the possible modulation
schemes that can be used in active-mode Aileron. BPSK and
QPSK can be easily distinguished from each other but when
the received symbols are modulated using 8 PSK, approxi-
mately 22 percent of the symbols are mis-recognized as
QPSK. This error is due to the increased variance in the
MSE differences used by the detection rules that is brought
about by the multipath fading channel.

Passive-mode Aileron accuracy. Fig. 11 shows the accuracy
of passive-mode Aileron when applied to data subcarriers

TABLE 2
Parameters Used in the Simulated Channels

Emulation Parameter Value

Channel Model jtcInResC,

jtcInOffC,
jtcInComC and

jtcOutUrbHRLAC

Doppler Frequency 0-800 Hz in 80 Hz increments

Signal-to-Noise Ratio 0-30 dB in 2 dB increments

Modulation Rates BPSK, QPSK, 8 PSK, 16 and 64 QAM

AMRWindow 10, 15, 20, 25, 50, 75 and 100

The names of the channel model correspond to those used by MATLAB.

TABLE 1
Parameters Used in the OFDMA PHY

PHY Parameter Value

Center frequency 2.4 GHz

Total bandwidth 12.5 MHz
Total subcarriers 1,024

Cyclic prefix length 256

No. of subchannels 16
No. of subcarriers per subchannel 64

No. of active-mode signaling subcarriers per subchannel 6

No. of guard subcarriers per subchannel 32

Fig. 8. Accuracy of active-mode Aileron over a simulated channel with no
doppler shift and an AMR window of 10.

Fig. 10. Modulation detection profile with an AMR window of 10, a SNR
of 10 dB and no doppler shift.

Fig. 9. Accuracy of active-mode Aileron with different AMR window
sizes, no doppler shift and a SNR of 10 dB.
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from a single OFDMA subchannel. Since there are 32 data
subcarriers in each OFDMA subchannel, 10 OFDM blocks
will give 320 data symbols—significantly more than that
obtained from the active-mode Aileron. The larger number
of received data symbols increases the accuracy of Aileron:
BPSK modulation is recognized with accuracy 100 percent
of the time at SNRs greater than 2 dB while perfect identifi-
cation of QPSK and 8 PSK occurs at SNRs above 10 and
16 dB, respectively. The AMR algorithm can always differ-
entiate between the PSK modulations: mis-identified QPSK
and 8 PSK modulations are always labeled as QAM, rather
than another PSK scheme.

For the QAM schemes, 64 QAM is accurately identified at
all SNR levels while 16 QAM is correctly identified only up
to 12 dB, above which the recognition accuracy of 16 QAM
encounters a significant drop as it is consistently mis-identi-
fied as QPSK. This is because at higher SNRs, themean value
of MSEQPSKðSÞ �MSE8PSKðSÞ, MSEQPSKðSÞ �MSE16QAMðSÞ
and MSE16QAMðSÞ �MSE64QAMðSÞ of a 16 QAM-modulated
input converges, as seen in Fig. 7d. With an AMR window
size of 10 OFDM blocks, the variance of MSE differences is
large enough for 16 QAM to be mistaken for QPSK with a
high probability. If we double the input AMR window
size to 20 blocks, 16 QAM will be identified with perfect
accuracy, as shown in Fig. 12.

5.3 Aileron Accuracy in Mobile Environments

Mobility in wireless networks is characterized by the pres-
ence of doppler shift in transmissions over the channel.
The comparative performance of Aileron with respect to
the different input modulations in a mobile environment is
similar to that described in Section 5.2, albeit with different
accuracy values.

Fig. 13 shows the lowest SNR at which active-mode
Aileron can achieve 90 percent accuracy for BPSK, QPSK
and 8 PSK modulations under different mobility speeds.
The accuracy of Aileron is computed using 50,000 AMR
windows, each with a length of 50. In this environment,

BPSK and QPSK modulations can be correctly identified
90 percent of the time at SNR greater than 10 and 7 dB,
respectively, while greater than 90 percent accuracy in rec-
ognizing 8 PSK is achieved for all the considered SNR lev-
els and doppler shifts.

Fig. 14 shows the results of minimum SNR at which
passive mode Aileron can achieve 90 percent accuracy. We
use an AMR window size of 10. At SNR greater than
12 dB, BPSK and QPSK can be correctly recognized with
90 percent, while at 22 dB SNR and above, 8 PSK can be
recognized with 90 percent accuracy with a doppler fre-
quency of up to 800 Hz.

6 EVALUATION USING REAL CHANNELS

6.1 Experimental Setup

We evaluate the accuracy of modulation-based signaling
using USRP2 devices deployed over eight locations of a
single floor of our department building. The GNURadio
implementation of modulation-based signaling from
Section 5 with the parameters in Table 1 is used in these
experiments. A trace collection proceeds as follows. A
transmitter is placed at one of the eight locations and it
transmits approximately 10,000 frames using five ran-
domly-selected OFDMA subchannels. All five modulation
rates are simultaneously used to transmit a frame. The
nodes placed at the other seven locations receive and
decode this transmission. Each transmitter repeats the
10,000-frame transmission 10 times, with a different set of
five subchannels selected each time.

This collection procedure is performed at each of the
eight node positions to collect a total of approximately
100 million OFDMA blocks. Since the traces are collected
during normal working hours, the recorded channel condi-
tions include environmental mobility effects due to the
movements of people around the office floor. In the rest of
this section, we will present the accuracy of Aileron based
on these traces with an AMR window of size 10.

Fig. 12. Passive-mode Aileron accuracy in a simulated channel with no
doppler shift and an AMR window of 20.

Fig. 13. Lowest SNR level at which the accuracy of active-mode Aileron
exceeds 90 percent, using an AMR window of 50.

Fig. 14. Lowest SNR level at which accuracy of active-mode Aileron
exceeds 90 percent, using an AMR window of 10.

Fig. 11. Passive-mode Aileron accuracy in a simulated channel with no
doppler shift and an AMR window of size 10.
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6.2 Channel SNR Characteristics

SNR for each subchannel is computed only for every
AMR window using only the PSK-modulated subcarriers
as these have a known transmission magnitude. The
received signal energy is estimated using the mean mag-
nitude of the received PSK symbols while the noise power
is estimated using the variance of this magnitude over the
AMR window. The ratio of this estimated signal-to-noise
power is the SNR of the subchannel and is presented here
in decibels (dB).

Fig. 17a shows that the distribution of the overall SNR of
all non-overlapping AMR windows across all point-to-point
links varies over a wide range, from 5 to 32 dB. 18 percent
of the AMR windows have SNRs between 5 and 7 dB while
60 percent have SNRs between 23 and 32 dB. The remaining
22 percent of the AMR windows have SNRs between 7 and
23 dB. The SNR distribution of each link can differ signifi-
cantly from that shown in Fig. 17a. To illustrate the perfor-
mance of Aileron across a wide range of channel conditions,
we focus on traces from three channels with distinctly dif-
ferent SNR distributions: poor, intermediate and good qual-
ity channels. The SNR distributions of these three channels
are plotted in Figs. 17b, 17c and 17d, respectively.

6.3 Aileron Performance under Varying SNR

Under the high-SNR channel, active-mode Aileronis very
accurate, as shown in Fig. 15. BPSK, QPSK and 8 PSK
are correctly recognized with a probability of 100, 98 and
86 percent, respectively. This matches the performance of

Aileronunder a simulated channel, as shown in Fig. 8. Note
that this level of accuracy is achieved using an AMR win-
dow size of 10 under realistic conditions with environmen-
tal mobility. This shows that in high-SNR channels,
modulation-based signaling with Aileron is reliable and fea-
sible for low rate coordination purposes.

Fig. 16 shows the performance of passive-mode Aileron
with data subcarriers in the good channel. For eachmodulation
rate transmitted over this subchannel, we plot the probability
of it being detected as “BPSK”, “QPSK”, “8 PSK” or “QAM”
by the AMR as described in Algorithm 1. Under the high-SNR
channel, BPSK, QPSK, 8 PSK and 64 QAM modulation
schemes in the data subcarriers are detected with 100 percent
accuracy. 16 QAM, on the other hand, is only correctly identi-
fied 75 percent of the time. Again, this matches the results
obtained using the emulated channel as shown in Fig. 11.

The SNR of the poor-quality channel varies between 5 and
9dB.At such lowSNRs, both active and passivemodeAileron
have low accuracy, as shown in Figs. 18 and 19. This is consis-
tent with the results in Figs. 8 and 11 that are obtained over
the simulated channel. However, note that passive-mode
Aileron is not confused between the different decision rules
and returns the default “QAM” result in every case where it
cannot correctly identify themodulation scheme used.

With an intermediate quality channel, we can see from
Fig. 17c that up to 38 percent of the SNR values are below
10 dB while at least 40 percent of the SNR experienced is
above 25 dB. Under such mixed conditions, active-mode
Aileron can correctly recognize BPSK, QPSK, and 8 PSK

Fig. 15. Active-mode Aileron accuracy over the good-quality channel.

Fig. 16. Passive-mode Aileron accuracy over the good-quality channel.

Fig. 18. Active-mode Aileron accuracy over the poor-quality channel.

Fig. 19. Passive-mode Aileron accuracy over the poor-quality channel.

Fig. 17. SNR of channels encountered during experimental evaluations with the USRP.
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with 80, 82 and 89 percent of the time, respectively as shown
in Fig. 20. This demonstrates that modulation-based signal-
ing is reliable over channels that experience highly variable
SNR.

Passive-mode Aileron can also accurately determine the
modulation rate in data subcarriers, as shown in Fig. 21.
Notice that with data subcarriers, similar to the case of low-
SNR channels, no PSK scheme is confused as another.

7 DISCUSSION

7.1 Increasing Detection Accuracy

Both our simulated and real-world experiments are
designed to closely match the capabilities of our USRP con-
figuration. As a result, all signals are processed at the
Nyquist rate. In practical implementations of Aileron, over-
sampling can be used to improve its detection accuracy sig-
nificantly. An oversampling factor of k means that the data
frame is received at k times its Nyquist bandwidth.

Fig. 23 shows how the root-mean-squared Error Vector
Magnitude (EVM) of symbols in 20 MHz 802.11a frames
varies when different oversampling factors are used. At each
modulation rate, the EVM is computed over 10,000 802.11a
frames that are transmitted over a jtcInOffC channel.

The EVMof the received signals decreaseswith increasing
oversampling factors and we can expect a similar detection
improvement in Aileron with oversampling. Oversampling
is a technique widely employed by commercial wireless
devices and can thus be easily integrated intoAileron.

7.2 Rate-Delay Tradeoff

Aileron is used to concurrently send control information to
receivers that are otherwise unable to decode the primary
transmission. For example, an AP in a multi-channel
WLAN can concurrently send ACK and data frames to two
WLAN clients that are on different channels. However,
encoding information using modulation rates can cause
the data frame to be transmitted at a sub-optimal rate. Even
so, this data-rate reduction compensated by a significant

reduction in the network coordination overhead due to the
seamless exchange of Aileron control frames. In the multi-
channel WLAN scenario, the median channel switching
delay of 15 ms [11] is an order of magnitude larger than
the data transmission time (less than 1ms at 54 Mbps). This
delay constitutes a significant overhead in typical multi-
channel transmissions, especially with short packets such as
ACKS. Aileron eliminates this coordination overhead
when short control frames have to be sent to out-of-band
receivers. We believe that this presents a beneficial rate-
delay tradeoff when dealing with challenging wireless net-
works, such as multi-channel and cognitive radio networks.

7.3 Fading Channels

Modulation identification in Aileron is conducted over a
window of OFDM symbols and the window size can be
extended to neutralize the effects of channels with particu-
larly long fading durations. Our choice of a 10-symbol win-
dow size is based on real-world measurements and has
been shown to offer good performance over actual real-
world fading channels.

Bit interleaving and channel coding are typically used to
increase the resilience of 802.11 frames to the effects of chan-
nel fades. Such techniques are orthogonal to Aileron, which
employs a predominantly PHY layer signaling mechanism.
Cross-layer integration of these techniques, though possible,
are beyond the scope of this paper.

8 EXAMPLE: IMPROVEMENT OF CHANNEL

UTILIZATION

Channelization of a wideband spectrum [1], [12] is a well-
known approach to improving the utilization of a wireless
channel. FICA [1] is an example PHY that adopts channeli-
zation and frequency domain contention [13], [14], [15] to
improve wireless channel utilization. However, a key lim-
itation of FICA comes from the fact that after each conten-
tion round, only a fixed, predefined number of OFDM
symbols can be transmitted on each subchannel. This is to
ensure that each wireless node occupies a constant
amount of airtime, regardless of the modulation rate

Fig. 22. Example channel utilization without Aileron.

Fig. 20. Active-mode Aileron accuracy over the intermediate-quality
channel.

Fig. 21. Passive-mode Aileron accuracy over the intermediate-quality
channel.

Fig. 23. EVM of symbols in a 20 MHz 802.11a frame at different modula-
tion rates
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used. Obviously, this approach can be limiting for traffic
that is bursty or consists of a large range of frame size, as
is the case with interactive web traffic and multimedia
streaming applications. We note that frame aggregation is
orthogonal, yet complementary to channelization. Chan-
nelization increases the number of concurrent transmit-
ters, but the bandwidth available to each transmitter at
any time is stochastic in nature. On the other hand, frame
aggregation gives the transmitter the flexibility to maxi-
mize the use of its available bandwidth.

In this section, we demonstrate how Aileron can be used
to replace the fixed transmission portion of FICA with one
that allows each node to transmit a variable number of
frames. We dynamically determine the number of aggre-
gated frames to be transmitted by each node from the rela-
tive modulation rates of the other concurrent transmitters,
but without any explicit coordination between any pair of
nodes. This mechanism is simple but can be easily extended
to encompass more complex aggregation protocols. We
leave such exploration as future work.

8.1 Protocol Description

FICA divides the wireless channel into multiple non-over-
lapping subchannels. Each subchannel has a set of subcar-
riers, known as the contention band, that is used for channel
contention.

Actual channel use is separated into the contention phase
and the transmission phase, and progress from one phase to
the other is time-synchronized across all clients. When the
entire channel is sensed to be idle for a length of time equal
to the DIFS, each client sends a frequency-domain Binary
Amplitude Modulation (BAM) signal on a randomly-
selected contention band. The AP then waits for a further
SIFS-specified duration before picking a winning subcarrier
in each contention band. It sends a BAM ACK signal on the
winning contention bands and the clients associated with
those bands then proceed with data transmissions.

Two key observations can be made here. First, during
channel contention, the AP does not know the ID of any
contending client. Second, at the end of the channel conten-
tion, each client only knows if it has won access to its
selected channels. Clients do not know the winner of any
other non-selected subchannel or of any selected channel
that it fails to win access to.

Before describing our extension to FICA, we make the
following assumptions. First, a fixed number of subcarriers,
known as control subcarriers, at known positions in each
subchannel are used by active-mode Aileron to encode the
address of the transmitting client. Second, the modulation
rate of the remaining subcarriers are selected by a rate-con-
trol algorithm. Third, all data frames are of the same length
1.5 KB, which is typically the case for bulk data transfer
scenarios. Finally, different subchannels can use different
modulation rates, but all data subcarriers in the same
subchannel must use the same modulation rate.

Under these assumptions, if the capability to transmit
multiple frames is not available, the channel utilization will
resemble the illustration in Fig. 22. The “good” quality sub-
channels that can transmit frames at higher bit-rates will
suffer from lower utilization. With Aileron, clients can
opportunistically transmit additional frames during these

idle periods while maintaining the high channel utilization
of FICA. We combine the channel contention phase of
FICA with a transmit scheduling algorithm, shown in
Algorithm 2, that uses Aileron.

Algorithm 2. Search for Transmission Opportunities

Input: N is the set of all active nodes in the current transmis-
sion phase; C is the set of all subchannels; P is the size of
each transmitted frame; k is the ID of the node executing
this search algorithm; Cn is the set of channels assigned
to node n 2 N n fkg; Rc is the transmission rate of each
channel c 2 C; Mk is the total number of frames sent in
the current transmission phase.

begin
T ½k	  P=

P
c2Ck

Rc;

for n 2 N n fkg do
r P

c2Cn
Rc;

T ½n	  P=r;
end
m maxn2NnfkgT ½n	;
if m� T ½k	 � ðMk þ 1Þ � T ½k	 then

Mk  Mk þ 1;
Schedule another frame for transmission;

else
Mk  0;
Wait for the next contention phase;

end
end

Let N be the set of Aileron clients and Cn be the chan-
nels assigned to each client n 2 N for the current data
transmission phase. During the data transmission phase,
each node encodes its ID in the predefined subcarriers
within its assigned subchannels. When a node k completes
its transmission, it enters the idle state. It listens for N
OFDM blocks on each subchannel and uses passive Aile-
ron to determine the modulation rate of each subchannel.
The node k also determines the set of channels in use by
each neighbor, Cn for n 2 N n fkg, from the IDs encoded in
the control subcarriers. Full duplex wireless communica-
tions [16] can be used to collect these N OFDM blocks con-
currently with the transmission to minimize the overhead
of Aileron.

With these two pieces of information, the node can
determine the transmission time required by each neigh-
bor and the remaining transmission duration of the slow-
est node. Note that the transmission time in use by a
node depends on both the rate used in each of its sub-
channels and the total number of subchannels assigned to
it. Let Mk be the total number of frames sent by node k in
the current transmission phase. If the channel occupancy
of the slowest node is greater than the time required for
node k to transmit Mk þ 1 frames, then an additional
frame is sent within this remaining duration using its
assigned subchannels. Otherwise, it simply waits for the
next transmission round.

8.2 Simulation Setup

We demonstrate the improvements achieved by Aileron in
FICA using a custom simulator that models the Aileron
performance in detail. In our simulation, we evaluate
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Aileron using the same PHY and channel parameters as
shown in Tables 1 and 2, except that we limit the size of
the AMR window to 10, 15, 20 and 25 blocks. FICA utilizes
two frequency backoff policies, AIMD and RMAX, but we
only present results that use RMAX as it has been shown
in [1] to outperform AIMD. All the SNR values between
every pair of nodes and between each node on the AP are
governed by identical and independently distributed ran-
dom variables that follow the distribution shown in
Fig. 17a. The modulation detection accuracy at various
SNR and doppler shift values follow the simulated results
described in Section 5.

Each simulation run consists of a single AP and 10
contending FICA clients. We run the simulation for
1,000,000 time units, where a single time unit is equiva-
lent to the transmission time of a single OFDM block.
The results shown here are obtained from 20 simulation
repetitions.

In our evaluation, we do not explicitly model the effects
of an auto-rate algorithm. Instead, given the SNR of the
channel, we simply pick the highest modulation rate from
the known bit error rate (BER) graph [17] that can meet a
maximum BER of 10�4.

The three performance metrics that we use are:
M1. Per-Node channel utilization. This is the ratio of the

total transmission time of a node during a single transmis-
sion phase to the duration of the entire transmission phase.
The duration of the transmission phase is lower-bounded
by the slowest transmitting rate among all the active nodes.

M2. Airtime fairness. We use the Jain’s fairness index to
determine how the channel is shared among the competing
nodes. Since the channel access time of every node is
affected by its utilization, this essentially illustrates how the
channel utilization varies across the Aileron nodes.

M3. Total frames transmitted. This is a simple count
of the total number of frames that are transmitted over
the duration of the simulation and is a measure of the
throughput.

The four scenarios considered in our simulations are:
S1. Equal rate (EQUAL). All clients transmit with the

same modulation rate during each transmission phase. This
rate is chosen such that a BER of at most 10�4 is achieved on
the channel with the lowest SNR.

S2. Multi rate (MR). During each transmission phase, the
highest modulation rate on each channel, with respect to
the SNR, that can achieve a BER of at most 10�4 is chosen.

S3. Multi rate with AMR (MR+AMR). This is similar to
MR, except that Aileron is now used to find transmission
opportunities for nodes with high transmission rates.

S4. Multi rate with AMR and mobility (MR + AMR + Mob).
This is MR+AMR with the addition of mobile nodes. Node
velocities are randomly assigned and are characterized by
the presence of doppler shift in the channel.

Aileron is not used in EQUAL and MR. Hence, only
one frame is sent in each transmission opportunity in
EQUAL and MR.

8.3 Simulation Results

For brevity, we only show the results obtained with an
AMR window of 10 since the results obtained with larger
AMR window sizes show similar behavior. Fig. 24a shows
the mean and standard deviation of the channel utilization
of EQUAL, MR, AMR+MR and AMR+MR+Mob with differ-
ent numbers of maximum channels per node.

Observe that EQUAL with only one channel per node
achieves maximum utilization of the channel, since all
frames are transmitted at the same rate and the channel is
never idle. However, when each transmitter under the
EQUAL scenario is allowed to contend for more than one
channel, channel utilization drops from 82 percent with up
to two channels per node, to 70 percent when each node can
contend for all 16 channels. Varying the number of channels
per node effectively varies the throughput by each node.
The resulting idle periods belonging to nodes with high
throughput reduces overall channel utilization. This effect
of heterogeneous throughput on channel utilization is even
more dramatic when the modulation rates of different sub-
channels are allowed to vary under the MR scenario—mean
channel utilization drops to under 40 percent, regardless of
the number of allowable channels per node.

Aileron can improve the channel utilization by opportu-
nistically sending a frame if sufficient time remains before
the slowest node completes its transmission. With up to two
channels per node in the MR+AMR scenario, Aileron can
achieve 79 percent channel utilization. When each node can
contend for all channels, Aileron achieves 76 percent chan-
nel utilization, which is above that achieved in the EQUAL
scenario. This significant improvement in channel utiliza-
tion is present even with node mobility.

Besides the improvement in channel utilization, Aileron
also increases the mean throughput of each node, as shown
by the count of transmitted shown in Fig. 24b. When all
nodes are limited to only one channel, there is no through-
put difference between the EQUAL and MR scenarios
since high throughput nodes in MR are still limited by the
low throughput nodes. When the number of allowable
channels increases, nodes in the MR scenario have a higher
throughput than those in the EQUAL scenario. This reflects

Fig. 24. Mean and standard deviation of the three evaluation metrics. The mean is represented by the height of the bar while the error bars indicate
the standard deviation.
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the advantage of a per-channel modulation rate adaptation.
Aileron is able to significantly increase the achievable
throughput via appropriate opportunistic transmissions.
When the clients can contend for up to eight channels,
almost 11,000 frames are transmitted on average using Aile-
ron while only 2,000 and 3,000 frames are transmitted in the
EQUAL and MR scenarios, respectively. This throughput
increase achieved by Aileron does not come at the expense
of throughput fairness among the transmitting nodes, as
shown in Fig. 24c.

9 RELATED WORK

Control channel design. Typical control channels can be classi-
fied to be in-band or out-of-band. In-band control channels
carry control frames in the same channel as that used for
data frames. Examples include in-band medium access con-
trol using CSMA [18] and slotted ALOHA [19]; probe
frames for auto-rate selection [20]; link-quality measure-
ments in mesh networks [21]; transmitting control frames
using side-channels [22] and inter-frame gaps [23]. SMACK
[24] extends the in-band control to the PHY layer through
its use of on-off OFDM subcarrier signaling for sending
acknowledgements. 802.11ec [25] uses known correlation
sequences along with a shared dictionary to convey pre-
determined messages. Out-of-band approaches are charac-
terized by the use of a dedicated channel for control frames.
If only one wireless interface is available [26], the need for it
to be switched between the control and data channels incurs
a significant coordination overhead. If multiple interfaces
are available [27], the coordination overhead is reduced at
the cost of higher hardware and power requirements.

Modulation recognition. The method of modulation rec-
ognition in [28] is based on the differences of MSE, but its
recognition algorithm is too simplistic to be able to differ-
entiate PSK from QAM modulations. Other recognition
methods include the use of higher-order statistics [29],
wavelet transform [30], and cyclic features of the digital
transmission [31].

10 CONCLUSION

In this paper, we have presented Aileron, a novel design for
control channel in OFDM(A) wireless networks. It is a new
paradigm of communications which uses the modulation
type, rather than the symbol value, to encode information. It
is built upon the concept of AMR and supports two modes
of operation: (a) active mode, where ternary-valued control
frames are sent over subcarriers, and (b) passive mode,
where the modulation rate of data subcarriers is automati-
cally detected. We have evaluated Aileron using both simu-
lated and real-world channels to demonstrate both its
feasibility and reliability. We have also integrated Aileron
into FICA and showed how throughput and channel utiliza-
tion can be improved with frame aggregation in dynamic
spectrum networks.
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