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ABSTRACT
As its name suggests, ”interference alignment” is a class of
transmission schemes that aligns multiple sources of interfer-
ence to minimize its impact, thus aiming to maximize rate
in an interference network. To our knowledge, this paper
presents the first real-time implementation of interference
alignment. Other implementation in the literature are ei-
ther done offline or assume a backchannel between partic-
ipating nodes to perform alignment. On the other hand,
this paper presents a blind interference alignment scheme,
one that does not require channel state information at the
transmitters or the knowledge of other transmitters data or
the knowledge of data between receivers and functions in
real-time.

Categories and Subject Descriptors
C.2 [Computer-Communication Networks]: Network
Protocols

General Terms
Interference Alignment

Keywords
Interference Management, Wireless Networks

1. INTRODUCTION
Interference alignment (IA), a fresh and exciting trans-

mission strategy recently introduced as a mechanism for im-
proving the performance of interference networks, is known
to have tremendous gains over traditional orthogonal coding
schemes in literature [1]. Specifically, alignment is shown
to achieve the optimal degrees of freedom in time varying
K > 3 user interference channels in [2], and X channels in
[3]. Here, degrees of freedom denotes the ratio of the sum-
rate achieved by the channel and the logarithm of the signal
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to noise ratio (logSNR) as SNR → ∞. Mathematically,
this can be summarized as:

DoF = lim
SNR→∞

C(SNR)

logSNR

where C(SNR) is the sum-rate achieved using any trans-
mission scheme. Using alignment, it is shown in [2] that a
DoF of K/2 can be achieved for the K user time-varying
interference channel. Using time-division, frequency divi-
sion or other orthogonal schemes, the DoF is limited to 1.
Similarly, alignment can improve the DoF of X channels
from 1 to 4/3 [3]. The degrees of freedom achieved by align-
ment in these two cases can be shown to be optimal, i.e.,
that no other scheme exists that can achieve a higher DoF.
Overall, in general, whenever there are multiple sources of
interference, IA can potentially increase the achievable sum-
rate in the network over traditional orthogonal transmissions
schemes.

Ever since its discovery less than four years ago, there has
been a rapid growth in literature associated with alignment,
including the study of interference alignment for non-time
varying (constant) channel gains [4], ergodic interference
alignment [5], and most recently, lattice alignment schemes
have been developed for finite SNR that achieve close to
the performance of asymptotic alignment schemes presented
in [6]. Typically, these alignment schemes are derived un-
der many assumptions: including perfect and instantaneous
knowledge of channel state and perfect synchronism between
all parties. Fortunately, there are no additional requirements
such as data cooperation between the nodes (as required
by cooperative MIMO). However, the assumption of perfect
and instantaneous channel state information (CSI) is very
stringent and is very difficult to accomplish in practice.

In view of this, recent papers have focused on alignment
under relatively relaxed assumptions on CSI. One body of
work focuses on alignment in the presence of limited channel
state feedback [7, 8]. The second body of work studies align-
ment based on delayed CSI [9]. Finally, the body of work
most relevant to this paper accomplishes alignment without
any CSI [10]. This blind interference alignment (blind IA)
scheme is described in greater detail in Section 2.1 of the
paper.

Given the excitement created by interference alignment,
there has been some work at bringing it closer to practice.
In [11], the authors implement a cancellation mechanism
designed for a multiple input multiple output (MIMO) local
area network (LAN), thus increasing the throughput of such
a system. The scheme presented in [11] is novel, however,
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it requires considerable cooperation over an Ethernet back-
bone that goes beyond the needs of an alignment algorithm
as studied in literature. Furthermore, their work does not
address how to carry out channel estimation needed for in-
terference alignment. In fact, their interference requires re-
ceiver channel knowledge at the transmitters. Furthermore,
they do not study the effects of transmitter synchroniza-
tion mismatch. Channel estimation and synchronization are
critical for IA performance. In this paper, we look at these
aspects.

1.1 Related Work
An implementation of alignment with limited feedback

was studied in [12]. The authors implement an iterative
alignment scheme to determine alignment vectors given lim-
ited channel state information. The results in [12] present
improvements in performance in terms of throughput over
orthogonal schemes. However, there are two issues with the
work in [12]. First, the implementation effort is done of-
fline; second, the iterative optimization scheme presented is
an approximation and may not always match the globally
optimal alignment scheme.

1.2 Our Contributions
Our paper is distinct from this existing body of work

in that, to the best of our knowledge, it represents the
first real-time implementation of an interference alignment
scheme. Its only requirement is symbol-level time synchro-
nism between transmitters and receivers. It does not re-
quire any back-end cooperation in either data or channel
state, nor does it make any idealized assumptions on the
wireless medium, estimation, feedback and other associated
algorithms.

The rest of this paper is organized as follows: the next
section motivates the need for IA and presents the blind IA
scheme implemented in this paper. Section 3 presents the
main challenges in accomplishing interference alignment in
practice. Section 3.3 presents the frame format that enables
blind alignment, while Section 4 provides a detailed descrip-
tion of the experimental setup. Finally, Section 5 presents
the main results of this paper while Section 6 discusses its
implications for networks.

2. BACKGROUND & MOTIVATION
The number and types of wireless-featured devices has

grown tremendously placing a heavy demand on limited
spectral resources. Interference between these devices can
significantly degrade performance and reduce the through-
put per user. Therefore, the key to improving the perfor-
mance of wireless systems lies in managing interference effec-
tively. Interference alignment accomplishes this goal. Fun-
damentally, the concept of alignment is to extend modulated
symbols to a higher dimensional space such that the interfer-
ing signals are all aligned and occupy the smallest subspace
at each receiver. In this case, the remaining dimensions can
be used to receive the desired signal essentially free of inter-
ference. Note that IA is not the same as spread spectrum,
multiple access schemes or other interference minimization
or avoidance schemes. IA makes no attempt to avoid, cancel
or minimize interference. Instead, it aims to align the inter-
ference along dimensions that are different from that of the
signal. As such, it has been found to perform much better
than all the existing interference management schemes.
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Figure 1: System model

the price of the practical challenge of implementing the re-
ceivers with a reconfigurable antenna. In this section, we
provide a short description of the theory behind the blind IA
technique, while challenges in practical implementation are
detailed later in Section 4.

In our experiment setup, we consider two transmitters
(TX1 and TX2) and and two receivers (RX1 and RX2) as
shown in Fig. 1. Each transmitter i = 1, 2 has two messages
x[i], y[i] ∈ C which need to be recovered at RX1 and RX2
respectively. This is commonly referred to as the X-channel.
Although the blind IA scheme is much more general, we fo-
cus our attention below to the specific 2-transmitter 2-receiver
setup.

In the blind IA scheme, each receiver is equipped with a
reconfigurable antenna which can switch between two differ-
ent receive modes, but the receivers have only one RF chain.
The receivers switch modes based on a pre-determined pat-
tern known to everyone. For i, j ∈ {1, 2}, let hij ∈ C and
h�

ij ∈ C denote the coefficient of the channel between trans-
mitter i and receiver j with the receive mode set to 1 and 2
respectively. The channel coefficients have a generic (non-
degenerate) continuous probability distribution. It is assumed
that the channel stays constant across a “supersymbol”, which
constitutes three transmission slots.

At time instant t, suppose that u[1](t), u[2](t) ∈ C are
transmitted from TX1 and TX2 respectively. In this case, the
received signal at user j using receive mode 1 is given by

z[j](t) = h1ju
[1](t) + h2ju

[2](t) + w[j](t), (1)

where w[j](t) ∼ CN (0,σ2) is the additive white Gaussian
noise (AWGN). The received signal using mode 2 is obtained
analogously using the channel coefficients h�

1j and h�
2j in (1).

The transmitters have absolutely no knowledge of the channel
state. On the other hand, each receiver j is assumed to know
only the local channel coefficients h1j , h2j , h

�
1j and h�

2j .
Recall that transmitter i has two messages x[i], y[i] ∈ C

intended for RX1 and RX2 respectively. Assuming perfect
synchronization between the transmitters and receivers, the
blind IA scheme operates in 3 time slots as shown in Table 1.

Table 1: Transmitted symbols and receiver switching in blind IA

Time Slot 1 2 3

Transmit x[i] + y[i] x[i] y[i]

Time Slot 1 2 3

RX1 mode 1 mode 2 mode 1

RX2 mode 1 mode 1 mode 2

In time slot 1, each transmitter sends the sum of its two
messages, while in time slots 2 and 3 the messages for RX1
and RX2 are transmitted separately. The receivers switch be-
tween the two receive modes according to the pattern shown
in Table 1. Due to the symmetry, the recovery process is anal-
ogous at the two receivers, and so we focus on RX1 below.
The received signal z[1](t) at RX1 over the three time slots,
assuming the channel remains constant, is given by

z[1](1) = h11(x
[1] + y[1]) + h21(x

[2] + y[2]) + w[1](1),

z[1](2) = h�
11x

[1] + h�
21x

[2] + w[1](2),

z[1](3) = h11y
[1] + h21y

[2] + w[1](3).

Note that we have used the fact that RX1 switches to mode 2
for the second time slot. We now take advantage of the partic-
ular manner in which the interfering and desired signals are
aligned in order to remove (i.e., zero-force) the interference
and obtain the following system of equations:

�
z[1](1) − z[1](3)

z[1](2)

�
=

�
h11 h21

h�
11 h�

21

��
x[1]

x[2]

�

+

�
w[1](1) − w[1](3)

w[1](2)

�
. (2)

Since the channel coefficients are chosen from a continuous
distribution, the channel vectors involved in (2) are linearly
independent with high probability. Therefore, RX1 can re-
cover the desired messages x[1] and x[2].

A high- signal to noise ratio (SNR) performance met-
ric of wireless networks is its degrees of freedom (DoF).
DoF is defined as limSNR→∞ Csum(SNR)/log SNR, where
Csum(SNR) denotes the maximum sum throughput achiev-
able in the network. Thus, DoF denotes the asymptotic
growth rate of throughput with SNR. Using the alignment
scheme described above, we find that we can achieve a DoF
of 4

3 . It has been shown that this is, in fact, the optimal DoF
for this channel [6]. Thus, alignment promises in theory to
achieve rates that are significantly larger than other schemes
in existence.
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Figure 1: Blind Interference Alignment 2x2 system.
Each receiver has 2 antennas to switch between.

As mentioned in the introduction, IA can achieve a DoF
that increases linearly with the number of users in interfer-
ence systems [1]. Note that this is quite amazing, as tra-
ditional time or frequency division multiple access schemes
have no increase in DoF with users, thus each user only ob-
tains a fraction of the total throughput which decreases with
increasing number of users in the system. It is important to
emphasize that this linear growth result is a theoretical one,
and significant work needs to be done to bring the growing
body of literature to practice.

2.1 Basic Principle
As discussed in the introduction, typical IA schemes re-

quire perfect global channel knowledge (i.e., perfect knowl-
edge of all the channel coefficients in the system) at all the
transmitters and receivers. But, this requirement is imprac-
tical in most systems. In this paper, we consider the blind
(channel-state unaware) alignment scheme first presented in
[10]. In this section, we provide a short description of the
theory behind the blind IA technique, while challenges in
practical implementation are detailed later. In our experi-
ment setup, we consider two transmitters (TX1 and TX2)
and two receivers (RX1 and RX2) as shown in Figure 1.

Each transmitter i = 1; 2 has two messages x[i]; y[i] ∈ C
which need to be recovered at RX1 and RX2 respectively.
This is commonly referred to as the X-channel. Although
the blind IA scheme is much more general, we focus our
attention below to the specific 2-transmitter 2-receiver (re-
ferred to as 2x2 IA) setup for the sake of illustration. Our
testbed will be more generic and allow for a higher order IA
module.

In the 2x2 blind IA scheme, each receiver is equipped
with a reconfigurable antenna which can switch between
two different receive modes, but the receivers have only
one RF chain. The receivers switch modes based on a pre-
determined pattern known to everyone. For i; j ∈ 1; 2, let

hij ∈ C and h
′
ij ∈ C denote the coefficient of the channel

between transmitter i and receiver j with the receive mode
set to 1 and 2 respectively. The channel coefficients have
a generic (nondegenerate) continuous probability distribu-
tion. It is assumed that the channel stays constant across a
supersymbol, which constitutes three transmission slots.

At time instant t, suppose that u[1](t);u[2](t) ∈ C are
transmitted from TX1 and TX2 respectively. In this case,
the received signal at user j using receive mode 1 is given
by

z[j](t) = h1ju
[1](t) + h2ju

[2](t) + w[j](t), (1)

where w[j](t) ∼ CN (0, σ2) is the additive white Gaussian
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Time Slot 1 2 3

Transmit x[i] + y[i] x[i] y[i]

RX1 mode 1 mode 2 mode1
RX2 mode 1 mode 1 mode2

Table 1: Transmissions and receiver modes across
3 timeslots: mode corresponds to the antenna to
which a receiver switches.

noise (AWGN). The received signal using mode 2 is obtained

analogously using the channel coefficients h
′
1j and h

′
2j in

Equation 1. The transmitters have absolutely no knowledge
of the channel state. On the other hand, each receiver j
is assumed to know only the local channel coefficients h1j ,

h2j , h
′
1j and h

′
2j . Note that for many physical layer tech-

niques these channel estimates are available for every re-
ceived packet. For example, Orthogonal Frequency Division
Multiplexing (OFDM) systems use known pilot subcarriers
to compute channel estimates that they later use to equalize
for the channel impairments. Therefore, this requirement on
the receivers is very practical.

Recall that transmitter i has two messages x[i], y[i] ∈ C
intended for RX1 and RX2 respectively. Assuming perfect
synchronization between the transmitters and receivers, the
blind IA scheme operates in 3 time slots as shown in Table 1.

In time slot 1, each transmitter sends the sum of its two
messages, while in timeslots 2 and 3 the messages for RX1
and RX2 are transmitted separately. The receivers switch
between the two receive modes according to the pattern
shown in Table 1. Due to the symmetry, the recovery pro-
cess is analogous at the two receivers, and so we focus on
RX1 below. The received signal z[1](t) at RX1 over the three
time slots, assuming the channel remains constant, is given
by

z[1](1) = h11(x[1] + y[1]) + h21(x[2] + y[2]) + w[1];

z[1](2) = h
′
11x

[1] + h
′
21x

[2] + w[1]; (2)

z[1](3) = h11y
[1] + h21y

[2] + w[1];

Note that we have used the fact that RX1 switches to
mode 2 in the second time slot. We now take advantage of
the particular manner in which the interfering and desired
signals are aligned in order to remove (i.e., zero-force) the
interference and obtain the following system of equations:

(
z[1](1)− z[1](3)

z[1](2)

)
=

(
h11 h21

h
′
11 h

′
21

)(
x[1]

x[2]

)
(3)

+

(
w[1](1)− w[1](3)

w[1](2)

)
Since the channel coefficients are chosen from a continuous

distribution, the channel vectors involved in Equation (3) are
linearly independent with high probability. Therefore, RX1
can recover the desired messages x[1] and x[2].

A high- signal to noise ratio (SNR) performance met-
ric of wireless networks is its degrees of freedom (DoF).
DoF is defined as limSNR→∞Csum(SNR)/logSNR, where
Csum(SNR) denotes the maximum sum throughput achiev-
able in the network. Thus, DoF denotes the asymptotic

growth rate of throughput with SNR. Using the alignment
scheme described above, we find that we can achieve a DoF
of 4

3
. It has been shown that this is, in fact, the optimal

DoF for this channel [3]. Thus, alignment promises in the-
ory to achieve rates that are significantly larger than other
schemes in existence.

In this paper, we explore the implementation of this promis-
ing theoretic idea. In our implementation, we look at a
generic interference alignment framework; the 2x2 system
discussed above is just to showcase the benefits and power-
fulness of interference alignment. Here, we wish to highlight
alignment, a physical layer coding scheme. Therefore, traffic
models, including burstiness, are not currently incorporated
into our framework. With different loads and varying traf-
fic patterns, we anticipate different subsets of users to be
chosen across time for the alignment procedure, where users
participating in the alignment algorithm have non-empty
queues. In the following section, we list the challenges in
this implementation effort and discuss how our implementa-
tion overcomes them.

3. BLIND IA - IMPLEMENTATION CHAL-
LENGES

Although blind interference alignment is considerably less
complex in terms of the control and coordination needed
between nodes in a network, it still presents implementation
challenges inherent to any interference alignment technique.
In this section, we go over these challenges and then present
our plans to address them.

3.1 Implementation Assumptions
The first implicit assumption made in any interference

alignment system, including blind alignment, is that trans-
mitted symbols are synchronized. It is important to point
out that this does not require carrier-level synchronism or
sub-microsecond precision in synchronism. Even though it
is relatively coarse, synchronization is essential - the lack of
synchronism can lead to undesirable combinations at each
receiver, significantly impacting the ability to align interfer-
ence.

The second assumption is that each of the receivers can
estimate the channel between them and each of the trans-
mitters. This receiver side-information is a standard feature
of any coherent communication system.

The third assumption is that each receiver can switch be-
tween antennas in real-time, i.e., choose between different
receive ’modes’. As in the case of channel estimation, this
antenna-switching is a relatively standard feature of multi-
ple antenna systems, although implementing it in a testbed
in real-time can be considerably involved as described fur-
ther in Section 4. Note that asynchrony in the transmitted
symbols can also impact the receiver’s ability to switch be-
tween modes - the receivers rely on symbol boundaries to
decide which antenna to switch to.

Finally, the channel is assumed to have a larger coher-
ence time than the rate of antenna switching to be per-
formed. Specifically, we assume that the channel gains be-
tween a particular transmit antenna-receive antenna pair re-
main fixed for a duration longer than the duration needed
to affect alignment in interference. For example, the chan-
nel gains in Equation (3) remain the same in time-slots 1
and 3. This is, arguably, the most non-trivial assumption
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f (Hz)
(a) A Non-OFDM System

f (Hz)

Pilots

(b) An OFDM System

Figure 2: OFDM aids alignment by turning a fre-
quency selective medium into a flat fading one per
sub-carrier, easing symbol-level synchronism and
channel estimation.

necessary for blind alignment. As we find in later sections,
this assumption is valid for our test-setup. In general, such
an assumption would hold true when the channel coherent
time is much larger than symbol duration, which is typically
the case for a majority of wireless systems.

3.2 Implementation
In this paper, we work with Orthogonal Frequency Divi-

sion Multiplexing (OFDM) based physical layer. This is a
natural choice for both our testbed and most existing and
emerging wireless standards. There are multiple advantages
to using an OFDM framework for our system. First, it en-
ables us to transform the original frequency selective wireless
channel into multiple flat-fading equivalents. This allows for
the blind alignment technique as described in Section 2.1
to be utilized as is within each sub-band. Moreover, the
duration of an OFDM symbol is considerably longer than
duration of a symbol in a non-OFDM system. This larger
symbol duration in an OFDM system helps improve error
tolerance on the otherwise stringent requirement of symbol-
level synchronization imposed by interference alignment. Fi-
nally, OFDM systems typically assign specific sub-carriers to
pilot symbols. Figure 2(b) illustrates such an assignment of
pilots to subcarriers. These pilots are typically used to es-
timate the channel at the receiver. This channel estimation
plays a critical role in the design of the receive-chain at each
receiver as well as in the blind alignment algorithm used in
this paper.

An OFDM transmission typically includes a cyclic pre-
fix (CP) before every OFDM symbol. For a tutorial on de-
tails underlying the physical-layer frame structure of OFDM
transmission, see [13]. Figure 3 shows a physical layer frame
with multiple OFDM symbols separated by CPs. This CP
proves useful in facilitating antenna switching in our blind
alignment scheme. When an antenna switching process is

t (secs)

OFDM 1 CP OFDM 2 0  0  0  0CP CP OFDM KPreamble

PHY Frame

Figure 3: The physical layer frame showing multiple
OFDM symbols. It starts with a preamble followed
by OFDM symbols interspersed with cyclic prefixes.

initiated, a transient oscillation is observed in the received
signal which stabilizes on the timescale of a few microsec-
onds. The CP offers an excellent opportunity during which
the switch between modes can be performed without im-
pacting the successful reception of the OFDM symbol that
follows the CP.

The preamble in every frame is conventionally used by the
receivers to carry out time synchronization and frequency
offset correction. To enable IA, the preamble can also be
used to synchronize all transmitters in the system. For ex-
ample, to enable synchronization, a single transmitter is
chosen at any one time to send a preamble while the re-
mainder of the transmitters capture and use this preamble
to synchronize transmission. Note that many other mech-
anisms for achieving symbol-level synchronism exist in lit-
erature [14, 13], and that the mechanism described here is
fairly simple but effective in satisfying the requirements for
symbol-synchronization for IA algorithms.

3.3 Frame Format
The frame format for our setup consists of a preamble,

pilots, and payload data symbols. The preamble consists
of 2 OFDM symbols which are used in frame detection and
frequency offset correction using the Schmidl-Cox algorithm
[15]. The pilots are used for channel equalization when de-
coding the data symbols. In our implementation of the X-
channel, both transmitters transmit their respective pilots
simultaneously in the same OFDM symbol, but on alter-
nating subcarriers. Transmitter 1 sends pilots on all odd
subcarriers while transmitter 2 sends pilots on all even sub-
carriers. The orthogonal nature of the pilot transmission
scheme allows the receiver to extract the channel state of
both transmitters from a single OFDM symbol. Figure 4
shows the pilot to subcarrier mapping of the transmitted and
received symbols. Our choice of pilots may impose some con-
straints on the scalability of the algorithm. However, scal-
ing may be accomplished by determining suitable subsets of
users that align their interference. Within those subsets, the
pilots need not be scaled. Furthermore, alignment as struc-
tured in our paper is designed for environments with large
coherence times. In such environments, the pilots consume
a smaller fraction of resources compared to the case with
smaller coherence times.

3.3.1 Frame Structure
Initially, we consider a somewhat naive frame format that

is overhead-intensive, but constitutes a great starting point
for our implementation. This format is shown in Fig. 5.
This format is useful when each receiver possesses two re-
ceive chains. With two receive chains, all channel estimates
can be obtained within one OFDM timeslot. This simple
frame is sufficient to perform blind IA. However, it is highly
inefficient, as the overhead incurred is substantial. An al-
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Figure 4: Pilot to subcarrier mapping

ternate frame structure that minimizes overhead is highly
desirable, which is presented next.

Preamble Pilots

2 Symbols

1 Symbol

Syncrhonization 
and frequency 

offset correction

Channel
Estimation

Payload

3 Symbols

X
[i]

+ Y
[i]

, X
[i]

, Y
[i]

Figure 5: The first frame structure we consider to
enable alignment. Here, there is a preamble and
pilot for every 3 symbols, which is clearly in excess
of what is needed.

3.3.2 Alternate Frame Structure
An alternate frame structure for IA includes added pilot

symbols before each payload block and is shown in Figure
6. A payload block consists of a variable number of OFDM
symbols of the same type. The first payload block consists
of N OFDM symbols of the type x[i] + y[i]. The second
and third payload blocks consist of N symbols of type x[i]
and N symbols of type y[i], respectively. By grouping these
symbols together in chunks, we can use the same preamble
and pilots for more data, thus decreasing the frame over-
head. This can increase efficiency so long as the channel
coherency is maintained throughout the frame. Note that it
is only necessary to have two pilot symbols per frame while
our approach has three. This is because, an IA receiver only
needs to get the channel estimates twice – one from each
antenna. The third (optional) pilot symbol may be used
to verify if the three payload pieces are still within channel
coherence time.

3.4 Channel Coherence Time
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N(0) Subcarrier Correlation
N(290) Subcarrier Correlation
N(579) Subcarrier Correlation

Figure 7: The channel coherence time in our envi-
ronment. Showing only the phse of auto-correlation
across multiple sub-carriers. The magnitude of au-
tocorrelation (not shown here) had a coherence time
of several hundreds of OFDM symbols.

As noted earlier, a key assumption made for blind IA op-
eration is that the channel coherence time is much larger
than a single OFDM symbol. To quantify coherence time,
we ran an experiment in which a transmitter sends a se-
ries of OFDM symbols following a preamble. The preamble
helps a receiver with synchronization and frequency offset
correction. From the following OFDM symbols, a receiver
computes for how long its channel to its transmitter remains
correlated. We crunched this quantity for many sub-carriers
over several experimentation runs. Figure 7 shows the auto-
correlation across multiple sub-carriers for a transmitter-
receiver pair. This result is representative of all of the other
experiments. It shows only the phase of the auto-correlation
and not the magnitude. The magnitude of autocorrelation
showed correlation over nearly 600 OFDM symbols. The
phase, however, as shown in the figure is still correlated
over many multiple OFDM symbols before it becomes un-
correlated (with an autocorrelation of 0). The number of
symbols in the case of phase varies from 8 to 20 depending
on the sub-carriers. However, on average, the coherence time
across all sub-carriers was around 12 OFDM symbols. For
this reason, in the rest of the experiments, we restrict the
number of OFDM symbols per payload (N in Figure 5) to 3.
Thus, we have 3 pilot symbols and 9 (3x3) payload symbols
equaling 12 OFDM symbols per physical layer frame. Note
that IA does not require preamble to have the same channel
realization as the rest of the frame.

4. EXPERIMENT DESCRIPTION
The hardware used in this experiment is the National In-

struments’ Software-Defined Radio (SDR) platform. This
consists of a PXIe-8130 real-time controller, PXIe-7965R
FlexRIO FPGA module with Xilinx Virtex 5 SX95T, NI-
5781 100M samples/sec baseband transceiver, and an Ettus
Research XCVR2450 daughterboard. A PXIe-1082 8-slot
chassis with a high speed PXI-Express backplane bus can
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Figure 6: The efficient frame structure we use to enable blind IA

be mounted with up to 8 PXIe cards. Each module consist-
ing of these components provides for a receiver or a trans-
mitter. Figure 8 is a picture of the experimental hardware.
The three white modules are the PXIe-1082 chassis, which
are TX 1 & 2, RX1, and RX2 (going from the right to left).
Each module is connected to an Ettus Research XCVR2450
daughterboard (two daughterboards for the transmit mod-
ule) through SPI lines.All antennas are spaced such that.

The modulation scheme for this experiment is OFDM
modulation with QPSK signaling. The operating frequen-
cies are in the 2.4 GHz ISM band with a center carrier fre-
quency of 2.437 GHz. Our OFDM modulation consists of
subcarrier spacings of 15 kHz. Each symbol lasts 1

12
ms in

time, including a cyclic prefix length of 16.67 µs. These pa-
rameters are chosen based on the LTE standard. The 12
carriers around DC are nulled resulting in N’= N - 12. Fur-
thermore, the N = 600 subcarriers are assigned to 580 data
subcarriers (Nd) and 20 frequency pilots (Np). These fre-
quency pilots are used to correct for a residual frequency
offset.

Three PXIe-1082 chassis modules are employed in this ex-
periment. One of these modules is fitted with two FlexRIO
SDRs to control two transmitters TX1 and TX2. The re-
maining two modules function as receivers RX1 and RX2.
Each receiver chassis has two receive modes provided by the
Ettus XCVR2450 transceivers. The three chassis are con-

Figure 8: National Instruments SDR platform con-
trols two transmitters (middle) and two recievers,
each with two recieve modes (right and left anten-
nas).

nected through a local area network to development comput-
ers. LabVIEW, National Instruments graphical program-
ming environment, is used to design and program the real-
time controller. The FlexRIO FPGA module extends the
LabVIEW to develop for the FPGAs in our experiment.

4.1 Transmitter
A block diagram of the transmitter is shown in Figure 9.

Known psuedo-random bitstreams of length 2N’ are extended
to generate 2N bits. These bits are modulated with QPSK

signaling to generate two streams of N samples x [i] = (x
[i]
1 , ..., x

[i]
N )

and y [i] = (y
[i]
1 , ..., y

[i]
N ). These samples are then precoded

into the data symbols required for IA. The result in a pay-
load of 3N samples x [i] + y [i], x [i], y [i]. Here 2N samples of
preamble and N samples of pilots are inserted between each
data sample to produce a 12N sample frame. We note that
the second and third preambles are not neccesary to decode
IA symbols. They are used for debugging purposes and are
not included in the results obtained. Finally, the samples
are OFDM modulated: the second and third preambles are
modulated with a 3854 length and appended with a 1024
length cyclic prefix. This is done so it is not detected by the
FPGA correlation algorithm. The final frame structure is
12 OFDM symbols in length as shown in Figure 6. TX1 and
TX2 transmit their corresponding frames in a synchronous
pattern.

4.2 Receiver
A block diagram of the reciever is shown in Figure 9. The

reciever begins by aquiring two successive frames of sam-
ples. The beginning of the frame is detected by correlating
over the known preamble. The preamble is also used to cor-
rect the frequency offset using the Schmidl-Cox algorithm
[15]. The preambles are then removed and the rest of the
frame is demodulated to result in 3N´ payload samples and
the 1 pilot symbol for each timeslot (3 total pilot symbols).
Channel estimation is performed by selecting the appropri-
ate pilot symbols depending on which reciever is operating.
IA decoding then solves equation (2) to recover the 2N´ pay-
load data. Finally the aquired channel coefficients are used
in ML detection to recover the transmitted bits.

4.3 FPGA Correlation Method and Antenna
Switching

As mentioned earlier, for Blind IA to function, a receiver
should be able to switch between its available antennas in
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Figure 9: Block diagram of the transmitter (top) and receiver (bottom).
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Figure 10: Symbol timing estimation performed on
the FPGA. The horizontal dotted line is the user-
specified threshold value for detecting peaks. The
threshold value tracks the highest amplitude peak.

real-time. The accuracy of antenna switching is entirely de-
pendent on OFDM symbol timing estimation on the FPGA.
In this real-time implementation, we move the Schmidl-Cox
symbol timing estimation [15] to high speed FPGAs. The
challenges of moving this algorithm to FPGAs are the inher-
ent computational restrictions imposed by the FPGA. As a
result, FPGA correlation is sensitive to channel variations
and SNR because we cannot normalize our estimated tim-
ing. Our method employs a variable amplitude correlation
with a threshold peak detection. The largest peak over time
is tracked and any amplitude that exceeds a threshold per-
centage of the largest peak is determined to be that frame
start. A fluctuation in the channel will irreversibly spike
the threshold value to a false peak, causing future pream-
bles to evade detection. Figure 10 is a correlation plot of two
identical preamble symbols with a 512 length cyclic prefix.
Notice this correlation is not normalized due to previously
mentioned FPGA processing constrictions.

Once the preamble is detected, the precise switching time
is simply a known offset from the beginning of the frame.
The FPGA issues commands to the baseband transceiver
through SPI interfacing on a 40MHz clock. The antenna
switching command can now be issued through a finite state
machine that is configured for SPI protocol. This process
automates antenna switching, making it invisible to the re-
ciever. Recieved frames now have the proper antenna switches
performed and IA decoding can run independently.

5. RESULTS
This section presents the bit error rate and throughput

performance results of our blind IA system compared to a
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Figure 11: Signal to noise ratio (SNR) vs bit er-
ror rate (BER) performance of IA and time division
point-to-point (P2P) systems. BER for IA is always
worse than P2P.

time division point-to-point system. It also presents the re-
sults for IA when the transmitters are not perfectly synchro-
nized. Overall, when the two transmitters are perfectly syn-
chronized, IA delivers superior throughput when the SNRs
to the receivers are very high. As the transmitters get out-
of-sync, however, IA’s BER performance remains consistent
up to a certain value and deteriorates sharply after that.
This shows that IA is a promising strategy even in practice.

5.1 Bit Error Rate (BER) Performance
Figure 11 shows the bit error rate (BER) performance of

IA and time division point-to-point (P2P) systems. BER
for IA is worse than that for time division across the whole
range of SNR. Note that, in our IA system, the two trans-
mitters send the same preamble. Therefore, SNR for just
the preamble is twice as high as it is for the corresponding
time division P2P system. However, the rest of the frame
contains symbols from both transmitters at similar power
levels. Therefore, the rest of the frame would have a very
low signal to interference and noise ratio (SINR). However,
in the time division scenario, the SNR remains the same
across the entire frame. Therefore, to illustrate the results
for the same setup, our plots show the SNR for the point-
to-point time division system for the same transmit power
levels as in the IA case.

5.2 Throughput Performance
The measured throughput is at the link level for both IA

and P2P systems. We calculated throughput as the amount
of data bits recieved per frame (Figure 6), or packet, as
bounded by the sampling rate 30.72 Msamples

sec
. The total

amount of transmitted bits per second were then multiplied
by the successful recovery probability, 1−BER, to compute
the final aggregate througput in bps. Additionally, we as-
sume an infinite input buffer for our input traffic, and we
focus on physical layer performance. Thus, we do not re-
transmit any packets. Therefore, there is no ARQ/HARQ
in our setup. The BER and throughput values are based on
the raw bits that are transmitted and received.

Figure 12 shows the aggregate (or sum) throughput re-
sults for both the time division P2P and IA systems. It
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Throughput of IA is worse than that of point-to-
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region (beyond 16dB), however, IA’s throughput is
better than P2P.
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Figure 13: Signal to noise ratio (SNR) vs bit error
rate (BER) performance of IA and time division sys-
tems. BER of IA is better than time division at very
low and very high SNR regions. In the low and high
SNR regions, pilots from two transmitters slightly
improve BER performance for IA.

shows that the sum throughput for IA is worse than point-
to-point up to an SNR of 16dB. Beyond that, however, IA
starts to outperform P2P. IA achieves a throughput gain of
close to 1.3 when the SNR hits 23dB. Note that this is very
close to the maximum gain (its DoF corresponds to 4

3
=

1.33) for a 2x2 IA scheme over time-division point-to-point
system. It is important to note that the 1.33x gain is under
information-theoretic degrees of freedom calculations; and
that in practice, the MAC and other practical coding and
signaling aspects of the system impact both the non-aligned
and aligned systems, reducing the performance below the
information theoretic optimum.

5.3 Synchronization Mismatch
One of the aspects that is critical for IA operation is the

synchronization of symbols across transmitters. Figure 13
shows the synchronization mismatch between the two trans-
mitters. The x-axis corresponds to the extent to which
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transmitter 2’s transmission is delayed. This delay (or mis-
match) is given in terms of an OFDM symbol, which is about
1
12

msec. It shows that IA’s BER performance worsens as the
mismatch increases. A mismatch equalling 1 OFDM symbol
causes IA to completely fail. However, a small asynchronism
in the order of a cyclic prefix (of 0.2 OFDM symbol) cor-
responds to a reasonable receiver BER. This is a mismatch
of roughly 17usecs for our system. This shows that IA’s
performance is fairly robust to small mismatches.

5.4 Higher-Order Blind IA
This paper focuses its efforts on implementing a 2x2 blind

IA system. It shows that the throughput gain promised
in theory is achievable in practice using blind IA in a 2x2
system. For a higher-order (3x3 and beyond) IA system,
however, the gains from IA will be higher and will increase
with the order [3]. Our current RF front-end only supports
switching between 2 antennas. Due to this hardware limi-
tation, we are unable to demonstrate throughput gains for
higher-order blind IA systems. However, our physical layer
design including the frame format can be easily extended to
a higher-order blind IA set up.

6. DISCUSSION
This section discusses the implications of employing in-

terference alignment (IA) in existing networks and network
architectures.

Implications to Access Networks: In an access net-
work, multiple wireless clients connect to the Internet through
a wireless Access Point (AP). As an AP serves multiple
clients, a single AP can serve the purpose of multiple trans-
mitters in an IA system. For example, in our 2x2 setup, an
AP could perform the duties of two transmitters and its two
clients could serve as its two receivers. By having two trans-
mitters combined into a single AP, issues such as transmitter
synchronization would disappear.

Higher Layer Implications: Interference alignment (IA)
is a cooperative technique in which multiple transmitters
send data to multiple receivers simultaneously. This is un-
like MIMO, where only one transmitter is sending data to
one receiver using multiple antennas. A MIMO-like point-
to-point system works without any modifications to the cur-
rent wireless network architecture. However, since IA re-
quires synchronization among multiple nodes, the current
network architecture needs modifications to take full advan-
tage of the throughput gains from IA.

Channel Estimation: In IA, every receiver needs to be
able to estimate the channel between itself and every IA
transmitter. To achieve this, different transmitters may be
assigned different subcarriers for pilots and when the pilots
are transmitted no other transmitter may use that subcar-
rier to send anything (as discussed in Section 3.3). Thus, the
number of pilots for IA increases linearly with the number
of transmitters. Such a scalability requirement is inherent
to any technique that needs coordination. However, this
overhead can be made considerably small when channel co-
herence is very large (compared to an OFDM frame) or by
adjusting the number of IA transmitter-receiver pairs.

MAC Layer Functionality: In a traditional wireless
network, a node is responsible for doing carrier sensing be-
fore it transmits any data to avoid collisions. In an IA net-
work, the responsibility is on all the nodes that participate in
an IA session. Note that not all the nodes in a network may

participate in every IA transmission. IA promises orders of
magnitude throughput gains only when all of the partici-
pating receivers have excellent signal to noise ratios (SNRs)
from all of the participating transmitters. Therefore, a net-
work may need to be split into several sets. Each set still
needs to do carrier sensing before it chooses to transmit a
packet, to avoid collisions. So, with IA, nodes within a set
share the responsibility of channel sensing. To save energy,
only a subset of nodes could participate in channel sensing.

Network Layer and Above: Note that, in IA, ev-
ery transmitter can potentially send packets to multiple re-
ceivers simultaneously. In a mesh network, where multiple
flows crisscross, the crisscross point becomes the bottleneck
for all the flows. IA may be used at the crisscross point to
mitigate such bottlenecks.
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