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Abstract: This paper studies the interference reduction, which
is one the most important issue to increase the network
throughput, improve the energy efficiency (green
communication) and so on. In doing so, we first induce the
system model consisting of one interfering node, based on
several network examples. After that, the impact of time
asynchrony between the interfering signal and the target signal
is investigated. Interestingly, we show that the interference
asynchrony can actually improve the BER performance,
compared with the situation in which symbols of all signals are
aligned. In particular, it is shown that symbol misalignment can
decrease the “effective interference power” and change the
distribution of the interfering signals, in a way that results in
lower BER (or higher SINR equivalently). To ensure that
symbol misalignment can be consistently attained, we propose
a simple scheme that introduces time-varying symbol offsets to
obtain an ‘“average” performance of random symbol
misalignment. Notably, our schemes do not change the simple
receiver design structure; only the transmitters are modified in
a minor way.

Index Terms:

Symbol misalignment, asynchronous multiple access,
collision resolution, interference characterization.

I. Introduction

Interference cancellation and interference reduction
has been studied since Shannon [10]. It is critical to
increase the network throughput, to improve the system
energy efficiency which is the essential point of green
communication. By investigating the self-interference in
full-duplex wireless transmission, the interference in Ad
Hoc wireless networks, and the adjacent channel
interference in optical transmission, we found that the
one interfering-node model, similar to the one studied by
Shannon [10], is very accurate and flexible.

Based on the one interfering-node model, this paper
studies the impact of time asynchronous interference,
which is referred to the situation in which the symbols
from the target transmitter and the interfering transmitter
are not aligned at the receiver, so that there is a relative
offset between the symbols of the targeted signal and the
interfering symbol. This phenomenon occurs naturally in
simple wireless and wired networks where the links do
not cooperate to align their symbols. Interestingly, we
show that the interference asynchrony actually helps to
improve the BER performance. To fully exploit this
advantage, we show how interference asynchrony can be
introduced by simple modification of the transmitter
design, without modification of the receiver design.

At a first glance, interference asynchrony might
appear to be harmful to the system. For example, in
CDMA networks, the orthogonality between different
spreading sequences may be decreased when the
boundaries of the spread symbols from different sources
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are not aligned. In this paper, however, we are interested
in non-CDMA networks in which the signature
waveforms used by different transmitters are the same.
This is the case, for example, in a wireless local network
(802.11) where the interfering signal is treated as noise.
Our goal is to study and resolve “collisions” in such
networks when more than one transmitter transmits. In
this case, the time offset between the interference and the
target  signal  effectively introduces a  new
semi-orthogonal signature wave, making it easier for the
receiver to extract the desired signal.

We note that asynchrony between multiple signals
have been studied and exploited under the framework of
multi-user detection (MUD) [1-4]. This paper differs
from the asynchronous MUD scheme in that each
receiver only decodes its target signal and never tries to
decode the interfering signals. The complexity of our
scheme is comparable to that of a simple point-to-point
scheme in which no additional information about the
interfering signals is needed. By contrast, the receiver in
MUD also decodes the interfering signals, and
consequently its decoding structure is more complex and
requires additional information on the interfering signals
(e.g., pulse shaping function, spread code, and channel
code). There have also been investigations on co-channel
interference [5, 6] that focus on the number of
interferences. Unlike our paper here, [5, 6] did not study
the dependency of the system performance on a given
value of symbol misalignment --- only the system
performance averaged over all misalignment has been
studied. Furthermore, [5, 6] did not discuss how this
“average” performance can be achieved.

The rest of this paper is organized as follows.
Section II formulates and analyzes the effect of symbol
misalignment after introducing the one interference
system model. We show that both the “effective” power
of the interference and the distribution of the interference
are modified by interference asynchrony, in a way that
results in improved BER/SINR performance. However,
in a simple wireless networks in which the transmitters
do not cooperate, we cannot count on the availability of
sufficient interference asynchrony to improve system
performance. To solve this problem, we propose a simple
scheme that introduces time-varying symbol offsets to
obtain an “average” performance of random symbol
misalignment in Section III. Our scheme does not change
the simple receiver design structure; only the transmitters
are modified in a minor way. Section IV concludes this
paper. Section IV concludes this paper.

II. System Model and Characterization of

Interference - Symbol Misalignment

This section first introduces the system model under
study. After that, we propose two new metrics, “effective
interference power” and “effective SINR”, to better
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characterize the effect of interference under symbol
misalignment. We then derive the distribution of
interference under a given symbol offset and analyze the
associated BER performance. Finally, numerical results
are given to verify our analysis.

A. System Model

Before introducing our system model, let’s first look
at some interference scenarios. The first scenario is the
self-interference, which is the main barriers to the
full-duplex wireless transceivers. Due to the very high
power of the self-signal and the non-ideal channel
estimation, the residual self-interference may still
prevent the successful detection of the received signal
even when self-interference cancellation is applied [11].
In other words, the self-interference will dominate all the
interferences in full-duplex wireless networks. The
second Scenario is the wireless networks, where the
interference at one receiver is also dominated by an
interfering node. For cellular networks, it was shown that
under an interference-limited (as opposed to
noise-limited) environment, the interference is typically
dominated by a single interfering node [7]. For IEEE
802.11 networks, the probability of m-transmitter
collisions (m = 3 ) (there are two strong interfering nodes)
is much less than the probability of 2-transmitter
collisions, thanks to the exponential backoff mechanism
that dynamically adjusts the transmission probability
according to the busyness of the network. The third
scenario is the optical transmission, where the Wave
Division Multiplexing (WDM) is usually used to create
parallel transmission channels. However, the signals on
different waves will couple with each other, and cause
interference as a result. Although the bandpass filter can
remove most of the interference of far away waves (far
from the target wave in frequency domain), the
interference of the two adjacent waves will remain and
dominate the interference. If we synchronize the signals
on the two adjacent waves and regard them as one
interference signal, this is also a one interfering node
scenario.

With the observation of the interference in above
real systems, we can see that the simple one target link
and one interfering node model achieves a good tradeoff
between flexibility and accuracy. Therefore, our paper
focuses on this one interfering-node system as shown in
Fig. 1. In the figure, transmitting nodes 7 send packets to
the target receiving node, R, and the node 7; sends at the
same time. Thus, 7; is the interfering node of the receiver
R.

For simplicity, we assume that both transmitters send
a sequence of N independent symbols with BPSK
modulation at unit transmit power. The symbol duration
is I'. We assume time-invariant flat fading channels.
The channel coefficients of the target link, 7-R is
normalized to unit. The channel coefficient between T,
and R is denoted by another real number A;, and we
assume A&, <1. Note that, the results in this paper still

hold under any other modulation with complex channel
coefficients.

According to the system model in Fig. 1, the overall
base-band signal received by R can be expressed as

N-1
Y=Y [a,f t=nD)+ha, , f,¢=nl=7) [+ w(@) (1)
n=0

(™ (@

Fig. 1, Two-link interference system

where are the time-invariant pulse

f (1) and f; (1)

shaping transmit filters of node 7 and 7; respectively,
a, and a; , are the n-th BPSK modulated symbols of T

and T; respectively, 7€ [0,I") isthe symbol offset of the

interfering signal relative to the information signal, and
w(?) is the additive white Gaussian noise. For simplicity,
both f (¢) andf,(t) are set to rectangle pulse shaping

filter with unit energy, i.e.,

T if0<t<T
f(t)=f,(t)={ 2

0 else

We assume a simple receiver design that does not make
use of MUD. We will show that even with a conventional
receiver, a non-zero symbol offset 7 will do our
advantage. In a conventional non-MUD receiver design,
R tries to synchronize to its desired signal

N-1

Zan f(&—nI"), and then filters y(r) with a matched filter
n=0

and samples it every I' period. The resulting discrete
signal is

whenn =0

a, +h Hu,yn +w(n)

y(n)= ez
a,+h (—a, T nj+w(n) when n 21
r- r -

3)

where the sampled noise w(n) is Gaussian distributed

with mean zero and variance o°.

B. Effective SINR
Interference Distribution
SINR, defined as the ratio of signal power to
interference plus noise power, is an important metric for
system performance. Traditionally, the power of the
interference is calculated by averaging power symbol by
symbol, in a way that is independent of the target signal.

For example, the power of the interference for R is &’

(Interference Power) and

(the transmit power of node 7 is unit according to our
system model). Accordingly, the SINR is defined
conventionally as

1
SINR = v “)
Both the power of interference and the SINR are
independent to the relative symbol offset 7 .
Interference power and effective SINR:

A closer look of (3) indicates that the power of the



“effective interference” to the target signal is
2
r-
P = E{h1 [%anl +T7a,,nj} = 12(25°=25+1) (5)

where & =%e [0,1) . Note that in (5) we have assumed

large N so that the effect of the first symbol can be
ignored. Obviously, P; not only depends on the channel
coefficient h;, but also on the symbol misalignment
r=0T. It is easy to verify that P;is always less than

h’, and it is symmetric about &= 0.5. Accordingly, we

refer to the SINR computed from (5) as the effective
SINR (eSINR), given as follows:

1 1

P +o’ h(26°-28+1)+0°
From (6), we can see that when the transmit power of the
interfering node and the Gaussian noise are fixed, the
SINR still depends on the symbol misalignment, & ,
between the interfering signal and the target signal. The
SINR is maximized when & =0.5, and minimized when
d0=0or1. Note that, the results in (5) and (6) only
requires that the distribution of the symbol a is
symmetric about zero. As a result, the effective
interference power and the effective SINR do not depend
on the modulation schemes, i.e., the results in (5) and (6)
hold for all constellation maps and all pulse shape.
Interference distribution:

As shown in [8], besides SINR, the system BER
performance may also be affected by the distributions of
noise and interference. The symbol misalignment not
only changes the interference power, but also the
distribution  of  interference. = Without  symbol
misalignment, the interference is either A or —h,, with

eSINR(S) = (6).

equal probability; with symbol misalignment, the
interference is h, —h, h(1-29), or —h(1-29),
with equal probability. Besides the reduction of effective
interference power, the change in the distribution of
interference due to symbol misalignment can also affect
the BER performance.

C. BER Analysis

In Part B, we provided the power and distribution
of interference as functions of symbol misalignment in
closed form. Here, we analyze the uncoded BER
performance (which is of direct interest in a
communication system) and show that symbol
misalignment has a significant impact on it.

For BPSK demodulation, we use the simple sign
decision as in a traditional receiver (this is also the
optimal maximum likelihood demodulation method).
Then, the n-th estimated bit at R; is

a, = sign(y(n))
sign(a, + b (1= 8)a, , +w(n)) n=0 (7)
- {sign(an +h(da,,  +(1-0)a,,)+ w(n)) n>1
For the first symbol (i.e., n=0), the error probability is

P =Pr(a, =-1)Pr(ha, , +w(0)21)
+Pr(a, =1)Pr(ha, , + w(0) <-1)
=Pr(ha, ,+w(0)21)

= Pr(a, , = ) Pr(w(0) > 1—h)+Pr(a, , = —1) Pr(w(0) > 1+ 1))
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For the other symbols (i.e., n>1), the error probability
is

Pr(a, =-1)Pr(hda,,_, +h(1-)a, , +w(n)=1)

=Pr(hda,, , +h(1-0)a, , +wn)=1)

=Pi(a,, =) Pi(a,, , =) Pr(w(n) > 1-h)

+Pr(a,, ==1)Pr(a,, , =—1)Pr(w(n) 21+h)

+Pr(a,,, =) Pr(a,,_, ==1)Pr(w(n) 21—k (1-25))

+Pr(a,, =-1)Pr(q, , , = —1)Pr(w(n) > 1+ h (1-25))
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Combining (8) and (9), we can obtain the closed form
BER expression as a function of o

1 [ (1=h1-8) 1+h,(1-6)\] N-1
e S a

{Q(l—hlj+Q[l+hl)+Q[1—hl(l—25))+Q[1+h1(1—25)ﬂ
o o o o

(10)
When N is large, as in practical systems, P, above

approaches the result in (9).

From (9), we can see that the uncoded BER
performance depends on the symbol misalignment o
when the transmit power of the interfering node and the
power of the Gaussian noise are fixed. As with eSINR,
P (J) is symmetric about d=0.5. Since Q(x) is a
convex function, we can easily prove that the error
probability in (9) is minimized when d=0.5, and
maximized when & approaches 0 or T, as shown in Fig.
2.

D. Numerical Simulation

We now present numerical simulation results to
illustrate the effect of & on the BER performance of
the two-link system. In Fig. 2, we show the BER

performance under different settings of SIR (1/1h I)

and symbol misalignment (5 ) when the SNR (1/07) is
fixed to 10 dB. In Fig. 3, we show the BER performance
under different settings of SNR and symbol
misalignment (J ) when the SIR is fixed to 4dB. From
both figures, we can see that the simulation results (the
circles in the figure) and the theoretical results (the lines
in the figure) match very well. As the symbol
misalignment & increases from O to 0.5, the BER
performance improves significantly. For any given BER
in Fig. 2, the SIR improvement between & =0 and
0 =0.5 increases from about 2dB to 2.5dB as the SIR
increases. In Fig. 3, the SNR improvement decrease from
about 3.5dB to 1.5dB as the power of noise decreases.



Fig.2 BER versus SIR when SNR is 10 dB. The circles
in the figure are simulation results and the lines are
theoretical results.
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Fig. 3 BER versus SNR when SIR is 4dB. The circles
in the figure are simulation results and the lines are
theoretical results.

III. Performance Enhancement by Randomization of
Symbol Misalignment

In Section II, we see that the symbol misalignment
between the target signal and the interfering signal can
significantly improve the BER performance. And
intentionally changing the symbol transmission time may
valid in some scenarios (e.g. cooperative networks).
However, in simple wireless network designs, there is
not always collaboration between the receiver and the
interfering node to tune for optimal § . Without
collaboration, we can only assume that J is uniformly
distributed from O to 1. Since J is the same for all
symbols in one block (packet), the situation is somewhat
like that of a block fading channel [9] (one of the most
deleterious channels) in that once a bad O is
encountered, the unfortunate happenstance persists
through the whole block.

For a block fading channel, the transmitter has to
transmit at a rate low enough so that the packet can be
correctly decoded with high probability at the receiver.
Similarly, for our random misalignment, the transmitter
must adjust its data rate (or its transmit power) by
assuming the worst symbol misalignment, i.e., =0, to
guarantee the successful reception of all the packets.

A. Scheme for Removing Deleterious Effect of
Blockwise Symbol Misalingment

We now propose a simple scheme to get rid of the
aforementioned deleterious effect of blockwise symbol
misalignment based on the system model in Fig. 1 (they
can be easily extended to general WLAN). The main idea
in our scheme is for a transmitter to gradually extend its
symbol duration in one packet. This diversifies the
values of O within a block so that effectively all
possible d values between 0 and 1 are experienced (by
different symbols). As a result, an average performance
can just be achieved', and our system design will not be
at the mercy of the worst-case ¢ .

Proposed Scheme:

With reference to Fig. 1, we assume the transmitter 7
extends its each symbol duration by a=I/N and
suppose the interfering node transmit in the traditional
way. In other words, the symbol duration of I is
I'l+1/N) rather than I' as in original design. We

assume that the parameter ¢ is only pre-known to its
partner R, and no communication between the three
nodes is needed. Receiver R works in the same way as a
traditional receiver except that its sampling duration, is
also extend to I'(1+1/N) rather than I'. Thus, at each

receiver, the symbol misalignment & varies over values
from zero to 1 with step size « .

B. Performance Analysis

This part analyzes the SINR and BER performance
of the proposed scheme. We assume N is very large, such
that the bandwidth loss in the new scheme, which is 1/N,
is neglected. Only consider the asymptotic performance
as N approaches infinity. Assuming the initial symbol
misalignment is ¢, , the interfering-symbol

misalignment at the n-th symbol of node T"s packet can
be expressed as
s 0,+n/N if 6,+n/N <1 "
W=15 +nin-1 ()
Eq. (11) shows that the symbols within the packet of
link 1 would experience almost all possible symbol
misalignment when 1/N is small enough. As a result, all
possible interference power and interference distribution
caused by the symbol misalignment is experienced by
the packet. In other words, with our proposed schemes,
the block-fading like interference is changed to ergodic
fast-fading like interference. With N approaching infinity,

the averaged eSINR within one packet is
1

eSINR = jeSINR(J)da

0

1
1
= do 12

-([hlz(252—25+1)+a2 12

= ;arctan hl—z
N\ (B2 +20%)h} hE+20°

The averaged uncoded BER can be expressed as

otherwise

' Without channel coding, an average uncoded BER can be
achieved; with channel coding, an average capacity can be
achieved.
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C. Numerical Simulation
In Fig. 4, we show the BER performance of the
proposed scheme and compare it with a setting without
symbol misalignment. In both figures, we find that the
analytical results in (13) (the lines in the figures) match
the simulation results (the circles in the figures) very
well. For any given BER in Fig. 4, the proposed schemes
have an SNR improvement of at least 1.5 dB.

O simulation results
=== thearetical results
=+ BER for worst case

Fig. 4. BER performance of our proposed
symbol-misalignment randomization schemes. SNR is
fixed to 10 dB. The red line is the theoretical results, and
the circles along the red line are simulation results. The
blue line is the scenario when there is no symbol
misalignment (0 =0).

In Fig. 5, we show the analytical (the lines) and
simulated (the circles) eSINR (power ratio in (6)) for the
proposed schemes when the SIR changes from 5 to 15
dB with the SNR (1/0?) is fixed to 10 dB. For the
purpose of comparison, the eSINR of the worst case with
0 =0 is also given. From this figure, we can see that
the SINR improvement of the proposed schemes is more
than 1.5dB.
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Fig. 5. eSINR of our proposed symbol-misalignment
randomization schemes. SNR is fixed to 10dB. The red

line is the theoretical results, and the circles along the red
line are simulation results. The blue line is the scenario
when there is no symbol misalignment (J =0).

IV. Conclusion

This paper shows that when the transmission of a
link is interfered by the transmission of another link in a
wireless network, symbol misalignment between the two
signals can improve BER performance. When the
misalignment is varied from 0 symbol to 0.5 symbol, the
“effective” interference power decreases, which
increases the likelihood of correctly detecting the
targeted signal.

We derive closed forms of SINR and BER as
functions of symbol misalignment. In addition, we
propose two new transmission schemes to randomize the
symbol misalignment within a packet so that we can
consistently achieve the “average” BER performance.
Our schemes do not require coordination and cooperation
between the links. Compared with the scenario without
symbol misalignment, about 1.5dB SIR improvement
can be achieved by our schemes when the SNR is 10dB.
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