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ABSTRACT

Interference Alignment (IA) is a fresh and exciting inter-
ference management technique for wireless networks. IA
promises a linear increase in throughput with the number of
users in a wireless system, and is known to be capacity opti-
mal for classes of wireless networks. The current promise of
IA is in theory, with limited practical literature in existence
to verify these claims. This paper represents one of the first
efforts to understand the true potential of interference align-
ment in practical wireless systems.

1. INTRODUCTION

The number and types of wireless-featured devices is steadily
growing thus placing a heavy demand on limited available
spectrum. Interference between these devices can signifi-
cantly degrade performance and reduce the throughput per
user. Therefore, the key to improving the performance of
wireless systems lies in managing interference effectively.

Interference alignment (IA) is a new and exciting physi-
cal layer technique [1], [2] that promises significant improve-
ments in throughput. This alignment in signals can be in-
duced after coding and modulation in the transmit chain of a
traditional communication system. Fundamentally, the con-
cept of alignment is to extend modulated symbols to a higher
dimensional space such that the interfering 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 interference. 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 interference along dimensions that
are different from that of the signal. As such, it has been
found to perform much better than all the existing interfer-
ence management schemes.

In theory, A can achieve a sum throughput that increases
linearly with the number users [1]. Note that this is quite
amazing, as traditional time or frequency division multiple
access schemes have no increase in throughput, and each
user only obtains a fraction of the total throughput which de-
creases with increasing number of users in the system.

It is important to emphasize that this result is a theoret-
ical one, and significant work yet needs to be done to bring
the growing body of literature to practice. The theoretical
benefits of IA are based on a set of assumptions (such as per-
fect channel state knowledge and/or other ideal requirements)
which may or may not be feasible in practice. There is a lim-
ited literature [3], [4] on testing the viability of IA on hard-
ware, and this literature indicates that it is indeed of practi-
cal value. The paper [3] considers a narrow-band experiment
setup where synchronization issues do not arise and in addi-
tion channel information needs to be exchanged among users.
In [4], channel measurements are collected and used offline
to estimate the performance of TA.

Our ultimate goal is to go beyond the limited existing
body of literature to a full blown implementation to show that
IA is indeed feasible. We do this using a software-defined
radio (SDR) platform from National Instruments (NI). In this
paper, we present our results from a hardware implementation
of a technique known as blind interference alignment which
was recently proposed in the literature [5].

2. BLIND INTERFERENCE ALIGNMENT

IA algorithms, in general, require perfect global channel
knowledge (i.e., perfect knowledge of all the channel coeffi-
cients in the system) at all the transmitters and receivers. But,
this requirement is impractical for most real systems. In [5],
the authors proposed a novel technique known as blind in-
terference alignment which eliminates the need for any chan-
nel knowledge at the transmitters. However, this comes at
the price of the practical challenge of implementing the re-
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Figure 1: System model

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 7 = 1, 2 has two messages
z[1 41 € 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 more general, we focus 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 h;; € C and
h;; € C denote the coefficient of the channel between trans-
mitter ¢ 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 ¢, suppose that ul'l(t), ul?l(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

20(t) = hyyul(#) 4+ hoju (t) + wl (1), (1)
where wl/l(t) ~ CN(0,0?) is the additive white Gaussian
noise (AWGN). The received signal using mode 2 is obtained
analogously using the channel coefficients h} ; and hY ; in (D).
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 h1;, haj, h'; and hy;.

Recall that transmitter 7 has two messages z¥, yl) € 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 time slots 2 and 3 the messages for RX1

Table 1: Transmitted symbols and receiver switching in blind IA

Time Slot 1 2 3

Transmit ol 4yl zl yl!

Time Slot 1 2 3
RX1 mode 1 mode 2 mode 1
RX2 mode 1 mode 1 mode 2

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[!)(¢) at RX1 over the three time slots,
assuming the channel remains constant, is given by

(1) = by (@ + yM) + hgy (2@ 4+ 2 4wl (1),
A1(2) = By 2l 4 hh 2P 4wl (2),
Z[l] (3) = hnym + hgly[2] + w[l] (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:

hi1 hoy >
!

( )= (i ) (
>. 2

n ( wl(1) — wl(3)

wl(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[! and 212,

A high- signal to noise ratio (SNR) performance met-
ric of wireless networks is its degrees of freedom (DoF).
DoF is defined as limgnr— oo 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 %. 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.

We make a brief remark on how the blind IA scheme
scales as the system size increases. In general, if there are

L
212

2(1) — 211(3)
21(2)
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M transmitters and K receivers, then each receiver requires
a reconfigurable antenna that can switch between M modes.
Furthermore, a supersymbol of length (M — 1)X + K(M —
1)%=1 symbols would be required in this situation.

3. EXPERIMENT SETUP

The theoretical promise of IA schemes is based on certain
assumptions including perfect global channel knowledge at
all transmitters and receivers, perfect synchronization of all
users, and favorable channel coherence structure. Although
the blind TA technique (cf. Section 2) dispenses with the
requirement of channel knowledge at transmitters, other as-
sumptions still remain, and in addition, this comes at the cost
of additional receiver complexity in the form of receive mode
switching. In this paper, we develop a non-realtime imple-
mentation of the blind IA scheme in an indoor environment.
Our setup serves to verify the practical feasibility of blind TA
and also provides measures of its actual performance. In this
way, we take the first step in this paper towards a completely
realtime implementation.

3.1. Implementation Challenges

A crucial challenge in implementing the blind IA scheme is
ensuring synchronization (in time and frequency) between the
two transmitters and the two receivers. This challenge is fur-
ther exacerbated by the requirement for receive mode switch-
ing which occurs in synchronized time slots. Furthermore,
switching from one receive mode to another will involve a
time delay in reality which must be accounted for.

Recall also that blind IA requires the channel to stay con-
stant over three time slots. In a practical implementation, this
imposes the restriction that the time slots are of short dura-
tion. On the other hand, reducing the time slot duration neces-
sitates faster speeds for receiver switching as a consequence.

3.2. Setup and Parameters

We use NI's SDR platform which consists of a PXIe-8130
real-time controller, PXIe-7965R FlexRIO FPGA module
with Xilinx Virtex 5 sx95T, NI-5781 100M samples/sec base-
band transceiver, and Ettus Research XCVR2450 daughter-
board. One set of these modules constitutes one unit of a
transmitter or a receiver. The PXIe cards are mounted on the
PXIe-1082 8-slot chassis with high speed PXI-Express back-
plane bus. The hardware configuration is shown in Fig. 2.
The PXIe-8130 is an AMD Turion 64 based controller run-
ning real-time operating system. A graphical design environ-
ment, LabVIEW, is used to design and program the controller,

PXI Express

Chassis
PXIe-1082
Real-time
Controller
PXIe-8130
TX() TX(D)
FlexRlO | —XQ Q)
FPGA Module | RX(D) ST8L | RX(D | xcvR 2450 f
PXIe-7965R Basebapd RX(Q) | Transceiver
(Xilinx sx95T) |XX(Q)_[Transceiver = o
control control

Figure 2: NI's SDR platform using FlexRIO

Table 2: System parameters

BW (MHz) 1.4 3 5 10 15 20
N subcarriers | 72 | 180 | 300 | 600 | 900 | 1200
Subcarrier
. 15 kHz
spacing
# nulled
. 12

subcarriers
CP length 16.67 us

Symbol 1

duration 12 M8

making it a true software defined platform.

We use OFDM modulation with QPSK signaling over the
2.4 GHz ISM band with center frequency set at 2.437 GHz.
The parameters for OFDM modulation are given in Table 2
and are chosen based on the LTE standard [7]. The 12 sub-
carriers centered at DC are nulled resulting in N/ = N — 12
data subcarriers.

Our setup employs three PXIe-1082 chassis each run-
ning a real-time operating system. Two FlexRIO SDRs are
installed on the first chassis and function as the transmit-
ters TX1 and TX2. The remaining two chassis each have a
FlexRIO SDR installed and play the role of RX1 and RX2 re-
spectively. A local area network is used to network the three
chassis to a development computer running LabVIEW. The
OFDM signal generation and IA computation are performed
on the real-time controller. The FlexRIO FPGA module is
used to perform the fine grain symbol timing adjustment and
sample rate conversion to transmit or receive the signal from
the baseband transceiver.

3.3. Receive Mode Switching and Synchronization

We provide for two different receive modes by connecting
the Ettus XCVR2450 daughterboards at the receivers to two
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Figure 3: Frame structure

separate antennas with sufficient distance separation (at least
7 cm) to guarantee independent channel realizations. Never-
theless, both antennas share the same RF chain. The receiver
switches between the two antennas using the antenna selec-
tion feature onboard the XCVR2450.

The transmitters TX1 and TX2, which are mounted on
the same chassis, are first synchronized (in time and fre-
quency) by taking advantage of the triggering functionality
and the 10 MHz backplane reference clock of PXIe-1082 [8].
Synchronizing the receivers and the switching of antennas,
on the other hand, is a much more intricate problem. There-
fore, we carefully design our experiment to alleviate these
challenges, while still exactly emulating the blind IA scheme.
Our design is explained in the next two subsections.

3.4. Transmitter

The operation of transmitter ¢ is illustrated in Fig. 4. Each
transmitter generates two streams of 2N’ pseudo-random
bits, which are then padded to generate 2N bits. These bits
are modulated using QPSK signaling to obtain N samples
ol = (211 2l and gl = (17, y) destined for
RX1 and RX2 respectively. The IA precoding step arranges
the samples according to Table 1. This step results in a pay-
load of 3N samples xl) + yli 2l 4l To this payload,
2N samples of preamble and N samples of pilots are are
added. We note that our pilot pattern, used for channel esti-
mation, is orthogonal in frequency for TX1 and TX2 by load-
ing the odd and even subcarriers respectively. Finally, the
samples are OFDM modulated to construct a frame of length
6 OFDM symbols (0.5 ms) as shown in Fig. 3. Once the
output frame is constructed, TX1 and TX2 transmit their cor-
responding frames repeatedly and in a synchronous manner
until both receivers are able to decode. This process emulates
blind IA, while facilitating switching and synchronization at
the receivers as explained below.

3.5. Receiver

The receiver operation is illustrated in Fig. 5. First, the re-
ceiver captures the entire transmitted frame using antenna 1.
Next, antenna 2 is selected and the process is repeated. Ob-

serve that we exploit the transmitter’s repetition of frames in
choosing the above switching method. In fact, the actual blind
IA requires that antenna switching to be done at symbol in-
terval which is challenging. Our design allows us to evaluate
the performance of blind IA without stringent switching times
and synchronization. The preamble is used to detect the start
of the frame and perform frequency offset correction using
the Schmidl-Cox algorithm [9]. The rest of the frame is then
demodulated to obtain the received reference signal and the
3N’ payload samples. Channel estimation is performed in
frequency domain via linear interpolation. The IA decoding
uses equation (2) to recover the 2N’ payload data. Finally,
the channel estimate obtained using the pilots are used in ML
detection to recover the transmitted bits.

4. RESULTS

In this section, we present the results from our implemen-
tation of blind IA on NI's SDR platform. Furthermore, we
also compare the performance of blind IA against that of a
traditional time-division scheme. We first describe the time-
division setup before proceeding to the results.

4.1. Time-division scheme

We consider the same physical setup as shown in Fig. 1 for
blind IA. However, in the time-division scheme, the trans-
mitters TX1 and TX2 now take turns in sending messages to
the desired receivers and thus there is no interference. Since
the receivers are equipped with two antennas in our physical
setup, a total of 8 point-to-point links are possible between
the transmitters and the receivers. In our time-division setup,
we assume that each of these 8 links is allocated an equal
amount of time. Thus the performance of the time-division
scheme would simply be the average of the performance of
the 8 point-to-point links.

In order to make a direct comparison with the blind TA
scheme, we use the same modulation scheme and frame struc-
ture (Fig. 3) as in blind TA. The only difference is in the
payload field of the frame. In the time-division scheme, we
transmit 3 OFDM symbols w[lij ] , ac[;j ] , wg” ) on the link from
transmitter ¢ to receiver j, where each symbol carries 2N’
independent data bits.

4.2. Results and Discussion

In this section, our experimental results for bit error rate
(BER) as a function of the SNR are shown for N = 600 sub-
carriers. The BER is computed over 1000 received packets
in each case. In Fig. 6a, we plot the individual BER curves
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2N'bits PSK N samples
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Figure 4: Block diagram of the transmitter
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Decoding Detection pas
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Receive Frame | Detection Offsc't Demodulation ) Aann?
(antenna 2) Correction N samples Estimation

Figure 5: Block diagram of the receiver

for receivers RX1 and RX2 while using the blind IA scheme.
Fig. 6b shows the results for the time-division scheme by tak-
ing two point-to-point links - TX1 to RX1 antenna 1 and TX2
to RX1 antenna 1 - as an example. In Fig. 6c, we compare
the average BER (with respect to RX1 and RX2) for blind TA
with the BER for the time-division scheme (obtained by aver-
aging the BER performance of the 8 point-to-point links). In-
terestingly, we find that blind IA has a lower BER for smaller
values of SNR. This can be explained by the observation that
the preamble has twice the power in blind IA due to its si-
multaneous transmission from both TX1 and TX2. This en-
ables improved synchronization at the receiver. However, the
BER flattens out around 103 for higher SNR in the case of
IA, while very low values are obtained for time-division. We
believe this is because the interference from the other trans-
mitter becomes dominant in this situation.

In addition, we also plot the normalized (effective) sum
rate Rq, (in bits/s/Hz) which is measured as follows. First,
observe that in blind IA we transmit a total of 4 x 2N’ bits
in 3 symbol durations using a bandwidth of N - A f, where
Af = 15 kHz denotes the subcarrier spacing. A fraction
(1—-BER[ 4) of the transmitted bits are received without error
on average resulting in a normalized sum rate of

/

4 2N
TA

= - X ——(1 — BER
Rsum 3 X TNAf( IA)a

where T = /12 ms and Af = 15 kHz. Similarly, the nor-
malized (effective) sum rate for time-division is obtained as

RTD _ 2N’

sum m(l - BERTD)

We observe that there is a clear gain in the normalized sum
rate by using IA as opposed to time-division.

5. CONCLUSIONS AND FUTURE RESEARCH

The increased throughput from interference alignment can
provide a possible solution to the conundrum of satisfying the
increasing data rate demands with the limited spectrum avail-
able. Thus, the practical feasibility of interference alignment
could significantly alter the way wireless devices are designed
in the future. Indeed, IA can cause a major impact for a wide
range of both current as well as future technologies and stan-
dards. This would include cognitive radio standards such as
IEEE 802.22, cellular technologies such as LTE and WiMAX,
and perhaps even in femtocells and ad-hoc networking.

In future work, we plan to pursue a realtime implemen-
tation of blind IA by transferring the heavy computations to
the FPGA module of the FlexRIO. Furthermore, we also aim
to investigate the benefit of switching between multiple an-
tennas (> 2) using an external RF switch.
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(a) SNR vs. BER at RX1 and RX2 for the blind IA scheme
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(b) SNR vs. BER at RX1 (using antenna 1) for the time-division scheme
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Figure 6: Results from hardware implementation with N = 600 subcarriers
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