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Abstract—Interference management (IM) is essential to wire-
less communication networks, but interference suppression, a key
component of IM, is known to degrade users’ achievable spectral
efficiency (SE). It is thus important to select an appropriate IM
method with optimal operating parameters according to diverse
network deployments, transmit power differences of various
communication equipments, and dynamically changing channel
conditions so as to balance the benefits brought by and the cost
of IM.

Interference neutralization (IN) has recently been receiving
considerable attention, with which a duplicate of interference
of the same strength and opposite phase w.r.t. the original
interfering signal is generated to neutralize the disturbance at
the intended receiver. However, to the best of our knowledge,
all existing IN schemes assume that interference is completely
neutralized without accounting for their power consumption. To
remedy this deficiency, we propose a novel scheme, called dynamic
interference neutralization (DIN). By intelligently determining the
appropriate portion of interference to be neutralized, we balance
the transmitter’s power used for IN and the desired signal’s
transmission. We then present a new way to adaptively select
one of DIN and other IM methods by taking into account the
cost of multiple IM methods and their benefits. Our analysis has
shown that DIN can include complete IN and non-interference
management (non-IM) as special cases. The proposed strategy is
shown via simulation to be able to make better use of the transmit
power than existing IM methods, hence enhancing users’ SE.

I. INTRODUCTION

With the rapid development of wireless communication
technologies as well as the increasing density of link con-
nectivity, interference becomes a key impediment in network
performance, and thus, interference management (IM) has
become a critical issue that warrants a thorough investigation.
IM can be implemented at the transmitter and/or the receiver
side. There have been numerous IM schemes proposed thus
far, such as zero-forcing beamforming (ZFBF) [1], zero-
forcing (ZF) reception [2], interference alignment (IA) [3-
5], and interference neutralization (IN) [6—12]. They are all
designed to suppress, adjust or eliminate interference so as to
improve network capacity and users’ experience.

Of these IM methods, IA is attractive and under develop-
ment in recent years [3-5]. By pre-processing them at the
transmitter, multiple interfering signals are mapped into a finite
subspace, i.e., the overall interference space at the destina-
tion/receiver is minimized, so that the desired signal(s) may
be sent through a subspace without attenuation. The authors of
[4] have shown that the feasibility of IA is highly dependent
on system parameters, such as the number of transmitters
and receivers and configuration of transmit/receive antennas.

[A-based beamforming was proposed in [5] to improve the
downlink performance of multiple cell-edge users in multi-
user MIMO (Multiple-input multiple-output) systems.

For wireless networks, interference can be not only aligned
but also canceled through multiple paths, which is referred
to as interference neutralization (IN) [6-12]. IN strives to
properly combine signals arriving from various paths in such a
way that the interfering signals are canceled while the desired
signals are preserved [7]. It can be regarded as distributed
zero-forcing of interference, i.e., transmissions from separate
sources cancel each other at a destination without either
source actually forming a null to the destination [8]. The
authors of [7] constructed a linear distributed IN scheme that
encodes signals in both space and time for separated multiuser
uplink-downlink two-way communications. An aligned IN
was proposed in [8] for a multi-hop interference network
formed by concatenation of two 2-user interference channels.
This mechanism provides a way to align interference terms
over each hop in such a way to cancel them over the air
at the last hop. IN and ergodic IN for multi-source multi-
hop networks were reviewed in [9] and [10], respectively,
which analyzed the achievable degrees of freedom (DoFs)
and approximate capacity. An instantaneous relay (i.e., a
relay without delay) was introduced in [11-12] to achieve a
higher capacity than conventional relays. The schemes inspired
by the aligned interference neutralization mechanism in [8]
were investigated there, with which relays receive desired
and interference signals from source nodes and reconstruct
them before forwarding them to the destinations so as to
achieve partial elimination of interference (i.e., IN) at the
destinations and preserve the desired signal. Achievable DoFs
of the interference channel were derived in [11], whereas an
achievable rate region and its boundary of an instantaneous
interference relay channel were studied in [12].

Note, however, that none of the existing IM methods are
cost-free. For example, by adjusting a transmit beam using
ZFBF or IA, the strength of the adjusted signal is attenuated;
a zero-forcing based filter can be adopted to nullify inter-
ference at a loss of the desired signal power; with IN, an
interfering signal is duplicated to neutralize the interference
at the cost of extra transmit power consumption. Moreover,
ZFBF, ZF reception, and IA require more DoFs than IN, to
distinguish the desired signal from interference. For ZFBF
and ZF reception, the DoF requirement is determined by the
total number of desired signals and interferences, i.e., each
interfering signal component consumes one DoF, whereas for



IA at least one DoF should be provided to place the aligned
interference. In addition, when multiple interferences are from
one identical transmitter, IA is not applicable. If the interfering
signals originated from the same source are aligned in one
direction, they will also overlap with each other at their
intended receiver, thus becoming indistinguishable. With IN,
since interference(s) can be neutralized over the air, no extra
DoF for interference is required, thus becoming free from the
aforementioned limitations of ZFBF, ZF reception and IA.

TABLE I
COMPARISON OF IM METHODS.

Method ZFBF | ZF | 1A | IN
Feature
Tx/Rx side processing Tx Rx | Tx | Tx
Tx beam is adjusted o X o X
Rx beam is adjusted X o X X
Effective signal power loss o o o X
Tx power cost X X X o
Tx side CSI exchange o X o o
Tx side data exchange X X X o
Rx side full CSI X o X X
DoF cost w.r.t. interference o o o X
Symbol-level synchrony X X X o

Table I compares ZFBF, ZF, 1A and IN, where the symbols
o and x indicate having and not having the corresponding
feature, respectively. Tx (Transmitter) beam indicates data
transmission from various transmitters except for the sending
of duplicated neutralizing signal. Rx (Receiver) beam means
the direction of the receive filter’s main lobe. Either Tx or Rx
beam adjustment will cause effective signal power loss. Rx
side full CSI (Channel state information) indicates the receiver
needs to acquire CSI from all Txs, including intended and
unintended Txs, to it. Although IN requires both CSI and data
exchanges at the Tx side, as well as symbol-synchrony, since
it has an advantage in saving DoFs over the other schemes,
we will in this paper focus on the adaptive IM design based
on dynamic and intelligent application of IN.

As discussed above, desired signal power loss and DoF cost
are two major overheads in the design of IM mechanisms.
However, existing IM methods focus only on the suppression,
elimination or adjustment of interference without considering
their overheads. We should not use an IM method if its
performance loss outweighs its benefit. Due to the randomness
of network topology and wireless channels, as well as transmit
power differences of various communication equipments, the
relationship of desired and interference signals, the tradeoff
between the benefit of IM and the attenuation of the intended
signal’s power change dynamically. We must therefore investi-
gate the problem of adaptively selecting IM methods and their
operating parameters under various communication scenarios
to achieve good transmission performance. Moreover, as for
IN, the existing studies simply assume complete neutralization
of interference without considering its power cost. The more
transmit power is spent on interference neutralization, the less
power for the desired signal’s transmission will be available.
Then, one can easily raise a question: “is complete IN always
necessary?” In this paper, we will first propose dynamic IN
(DIN) to address how much interference should be neutralized

so that the users’ spectral efficiency can be maximized. Then,
adaptive selection between DIN and other IM methods will
be presented to improve users’ SE further in dynamically
changing network environments.

The contributions of this paper are two-fold:

e Proposal of a novel IM scheme called dynamic interfer-
ence neutralization (DIN). By intelligently determining
the appropriate portion of interference to be neutralized,
we balance the transmitter power used for IN and that for
the desired signal’s transmission. DIN can also subsume
complete IN and non-IM as special cases, making it more
general.

o Development of an adaptive IM mechanism incorporating
DIN and some other IM methods. A proper IM method
is selected by taking into account both its benefits and
cost, thus improving the users’ SE.

The rest of this paper is organized as follows. Section II
describes the system model, while Section III details the DIN.
Section IV presents the adaptive selection of IM schemes and
Section V evaluates its performance and overhead. Finally,
Section VI concludes the paper.

Throughout this paper, we use the following notations. The
set of complex numbers is denoted as C, while vectors and
matrices are represented by bold lower-case and upper-case
letters, respectively. Let X and X! denote the Hermitian
and inverse of matrix X. || - || and | - | indicate the Euclidean
norm and the absolute value. E(-) denotes statistical expecta-
tion and (a, b) represents the inner product of two vectors.

II. SYSTEM MODEL

We consider the downlink transmission in heterogeneous
cellular networks composed of overlapping macro and pico
cells [13]. As shown in Fig. 1, macro and pico base stations
(MBS and PBS) are equipped with N7, and Np, antennas,
whereas macro user equipment (MUE) and pico user equip-
ment (PUE) have N, and Np, antennas, respectively. Since
mobile stations/devices are subject to severer restrictions in
cost and hardware, than a base station (BS), the number of
BS’s antennas is assumed to be equal to or greater than the
number of UE’s antennas, i.e., Nyy > Npg, where i = 0, 1.
We also assume beamforming (BF) is adopted, and MBS and
PBS send single data streams, z; and xo, to MUE and PUE,
respectively. E(||z1|?) = E(||xo]|>) = 1 holds. The radio
range, d, of a picocell is known to be 300m or less, whereas
the radius, D, of a macrocell is taken 3000m [13]. Let Pp,
and Pr, be the transmit power of MBS and PBS, respectively.
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Fig. 1. System model.

The picocell operates in an open mode and allows the users
within its coverage to access it. The transmission from MBS to



MUE will interfere with the intended transmission from PBS at
PUE. Nevertheless, due to the limited coverage of a picocell,
PBS will not cause too much interference to MUE, thus is
omitted in our study. Let hy € CNroXN1o | h; € CNm XNy
and hyy € CNro*N7i represent the channel status from
PBS to PUE, from MBS to MUE, and from MBS to PUE,
respectively. A spatially uncorrelated Rayleigh flat fading
channel model is used to model the elements of the above
matrices as independent and identically distributed zero-mean
unit-variance complex Gaussian random variables. We assume
that all users experience block fading, i.e., channel parameters
remain constant in a block consisting of several successive
time slots and vary randomly between successive blocks.
Each user can accurately estimate CSI w.r.t. its intended and
unintended Txs and feed it back to the associated base station
via a low-rate error-free link. We assume reliable links for the
delivery of CSI and signaling. The delivery delay is negligible
relative to the time scale on which the channel state varies.

Since picocells are deployed to improve the capacity and
coverage of existing cellular systems, each picocell has sub-
ordinate features as compared to the macrocell, and hence
the macrocell transmission is given priority over the picocell’s
transmission. However, we assume that PBS can acquire the
information of z; via inter-BS collaboration; this is easy to
achieve because PBS and MBS are deployed by the same oper-
ator [13]. With the above information, IN can be implemented
to partially or completely neutralize the disturbance at PUE.
Since the transmission from MBS to MUE depends only on h;
and is free from interference, we only focus on the pico-users’
transmission performance.

III. DYNAMIC INTERFERENCE NEUTRALIZATION

As mentioned earlier, IN has recently received considerable
attention, but existing studies simply assume the complete
neutralization of interference without considering the tradeoff
between the benefit of IN and its power cost. To remedy this
deficiency, we propose a novel IM scheme called dynamic
interference neutralization (DIN). By intelligently determining
the appropriate portion of interference to be neutralized, DIN
balances the transmitter power used for IN and that for the de-
sired signal’s transmission. Since the macrocell receives higher
priority than picocells, MBS will not adjust its transmission
for pico-users. Therefore, DIN is implemented by the PBS.

In the following discussion we use Ny, = Np, > 2 where
1 =0, 1 as an example, but our strategy can be easily extended
to the case of N7, > Ng,. Due to path loss, the received signal
at PUE is expressed as:

yo =/ Pf, hopozo + / Pf hiopiz1 + 2o (D

where the column vectors py and p; are the precoders for
data symbols zy and x1 at PBS and MBS, respectively. The
first term on the right hand side (RHS) of Eq. (1) is the
desired signal, the second term denotes the interference from
MBS, and z; is an additive white Gaussian noise (AWGN)
vector whose elements have zero-mean and variance 2. For
clarity of presentation, we define P§ = Pr,10-°!F and

P§ = Pr,107%1510 where Pf, and Pf, indicate the transmit
power of PBS and MBS with consideration of the path loss
perceived by PUE. The path loss from MBS and PBS to a
PUE is modeled as Lo = 128.1 + 37.6l0g10(p10/10%) dB
and Lo = 38 + 30log10(po) dB, respectively [14], where
the variable p(.)» measured in meters (m), is the distance
from the transmitter to the receiver. With this definition, the
consideration of various network topology and transmit power
differences of various equipments can be simplified to Py, and
Pf.
The estimated signal at PUE after post-processing is

o = W' Yo ©)
where w, denotes the receive filter. Note that the interfer-
ence model shown in Fig. 1 has an asymmetric feature in
which only the interference from MBS to PUE is considered.
Since the macrocell is given priority over the picocells, MBS
will transmit messages to MUE based only on h;. Here
we assume data transmissions based on the singular value
decomposition (SVD), but can also use various types of pre-
and post-processing method. Applying SVD to h;, we get
h, = U1A1V{{ Then, we employ P1 = Vgl) and w; = ull),
where w1 represents the receive filter for x1 at MUE. vgl) and
ugl) are the first column vectors of the right and left singular
matrices (V; and Uy), respectively, both of which correspond
to the principal eigen-mode of h;.

With IN, PBS acquires interference information, including
data and CSI, from MBS via inter-BS collaboration and
by PUE’s estimation and feedback, respectively. PBS then
generates a duplicate of the interference and sends it along
with the desired signal. The former is used for interference
neutralization at PUE, whereas the latter carries the payload.
The received signal at PUE then becomes:

Yo = \/ﬁhopol‘o + \/P>f‘~lh1op1331 3)

+ v/ PiyhopinTi + 7o

where Pyy = Pr N10701Lo Ppy represents the power over-
head of IN, and p;n is the precoder for the neutralizing
signal. According to the complete IN [6—12], the interference
terms in Eq. (3), \/Pf hiopiz1 and \/P{yhopiyz, are
fully neutralized with each other.

Since the use of IN doesn’t require the adjustment of
the intended signal’s beam, in order to achieve as good
transmission of xy as possible, the desired signal’s delivery
should be in line with its channel conditions. We apply
SVD to hy to obtain hy = UgAgV{, and then adopt
Po = vél) and wo = ugl). v(()l) and ugl) are the first column
vectors of Ug and Vy, respectively. To implement IN, the
duplicated neutralizing signal should satisfy /P;yhopry =
—\ /Pﬁhwpl. The above equation can be decomposed into
two parts, hopyy = —hiop1 and Pfy, = P, or equivalently
Py = PTl 10°-1(Lo—L10) - From hopin = —hiop1, we
can get pyy = —halhwpl. Note that ||p;n|| = 1 is not
guaranteed, i.e., pyy has impact on the power cost of IN.



When Np, > Npg, (¢ =0, 1), the inverse of hy should be re-
placed by its Moore-Penrose pseudo-inverse. The mechanism
can then be generalized. Note that when the interference is
too strong, Pr, may not be sufficient for IN. In such a case,
we simply switch to the non-IM mode. The achievable SE of
PUE with complete IN is

P
=l0g2{1+( To

where )\81) is the largest singular value of hg indicating the
amplitude gain of the principal spatial sub-channel.

From Eq. (4) we can see that although the interference
term is completely mitigated, it accompanies a transmit power
loss, Pry, degrading the received desired signal strength.
One can then raise a question: “is complete IN always nec-
essary/worthwhile?” To answer this question, we generalize
the complete IN to dynamic IN by introducing a coefficient
i € (0,1] that indicates the portion of interference to be
neutralized. When p = 1, the interference is fully neutralized,
while DIN approaches non-IM as p — 0. Similarly to the
discussion about IN, to implement DIN, Eq. (5) should hold:

V Phnhoppin = —/1uPf hiopa (5)

where P§;ny = Pprny107%1E0, Ppry represents for the
power consumption of DIN, and 10~°-120 is the path loss from
PBS to PUE. By defining the ratio of the path loss from MBS
to PUE (i.e., 10-0-1£10) to 1070120 a5 ¢ = 1001 (Fo—L1w0) we
get

_ —0.1Lo1y(1)12
maee)

On

{ Pprn :ﬂEPT1||h61h10p1|‘2 (6)

poinv = —hg ' hypi/|hg 'higps ||

For clarity of exposition, we normalize the precoder so

that the direction and strength requirements for DIN could be

decoupled from each other, as given by Eq. (6). The achievable
SE of PUE employing DIN can then be written as:

} (D

P,
PN = log, {1—1— (Pry

where TPV, given by Eq. (8) below, denotes the residual
interference, in which y = [uél)]H higp:. We further define
g=hy 'hygp1, which can be regarded as the precoder for IN
without normalization. Then, the signal-to-interference-plus-
noise ratio (SINR) in Eq. (7) can be simplified as

(P5, — 1P glHN?  A-uB

o2+ P (1—p?xl?  C—-Dyn+ uE’(g)

_ PD[N)lo_O'lLO [)\gl)}Q
o2 1 DTN

wDIN =

P = { M (/P yhoppiy +

P%lhlopl)} {[u( )
= (75, — o) {10 o } {1 miops ) = P (1 Vi

where A = P& \V1% B = Py gl?NV1A € = o2 +
P |x|?, D = 2P§, \X|2 and E = P§ |x|>. Note that all of
these coefficients are positive.

In what follows, we will discuss the existence of optimal
i, denoted by u* € (0, imaz], With which ¢¥pry is maxi-

. . . Pr
mized under the Pr, constraint. fiy,q, = min (1, W)

If P§ > Pf|lg|?, PBS has enough power to completely
neutrahze the interference. Otherwise, when P, < Pf, [|g|?,
Imaz 18 limited by the transmit power at PBS. In what follows,
We first prove the solvability of p*, and then show the quality
of the solution(s).

By computing the derivative of ¥prx to p and setting it to
0, we have

—B(C — D/ + pE) — (A— uB)(E —
(C =D+ pE)?

Since the denominator cannot be 0, we only need to solve

)
VEL 0. (10)

—B(C — D\/ji+ pE) — (A — uB) <E— 2\%) =0. (11)

By simplifying (11), a quadratic equation with one unknown

is obtained as:

BD

752 (BC + AE)¢ + - = =0, (12)
where £ = \/u > 0. Let A = (BC + AE)? — ABD?; if
A > 0 holds, then ¢ is solvable. Since A = (BC + AFE +
VABD)(BC + AE —vABD), and BC+ AE++VABD is
positive, we only need to show that BC'+ AE —+ABD > 0.
The proof is given by Eq. (13) below.

Based on the above discussion, & =
%ﬁ are obtained. (Note that & € (0, \/Himax)
should hold.) We then need to verify the qualification of the
two solutions. We first investigate the feasibility of the larger
solution &} = w. The first term of £} can be
rewritten as

AD

solutions

BC + AE — VABD = Pg,lglPN12(02 + P, [x[2) + P NV 12P5, [x 12 — 2/ Pg, D125, 112NV P, 2

1 1
> (PE)2 gl X + Pg, P A1 —

1 1
BC + AE _ P, 876" P, x> + P, 1P I/
BD 2P5 [lgl2[A\"12 Py, x|
1 Pz
=+ on
2 2PT1||g||
The second term of &7 is (14)
VA (1 Pt ) Pf,
BD 2P; [lgl?)  Plel®
B ‘1 P,
2 2P gl
H
/Py nhoppIN + \/Pfﬂlhlom)} @
1
2(P5)% (P52 U1 gl x| (13)

2
1 1 1
= PNV (P gl — (PR = 0



Then, we can get

€ > (1

Pg, ) ’ 1 Py

2P; |gl? 2 2Pf |Igl?
Pr, 1 16
I h 2P, gl < 2 (e
- Pe PT 1
PrTgl?’ 3PF lel® = 2

e

P
Note that & % <1, and hence W should not be less

1

lT 1
—_ 0 = *
than or equal to 3 However, when 2Pe1 EE > 5 f >

€ (07 vV Nmaz]’
where (g = min (1, %), i.e., £ is not acceptable.
1

As for £ = W, since ABD? > 0, BC +
AE > /A holds, thus justifying £* > 0. We prove £* <
/Hmaz as follows. First, we define a function f(C) = (BC +

AE) — v/A. Since the derivative of f(C) to C, f'(C) =
B\/Z—B\/(gc-&-AE) <0, f(C)

Py L ) :
Pz el 1S equivalent to £§ > 1. As aresult, £

e

is a monotonically decreasing
function of variable C. Let C’ = Pf, |x|*, then C' = o2 +
Pg |x|* > ', thus leading to f(C) < f(C”). Similarly to the
derivations of Egs. (14)—(16), we get

/ 1 P 51
e = 1O _fC) ) P lel” =2 g
-~ BD = BD Pr, L U
P el 2P e <2
Eq. (17) is equivalent to &* < pmas = min(l, WTIOEHZ)'

Also, since 0 < pmar < 1, fhmaz < \/Mmae holds, thus
proving &* < \/limaz-

In the end, we prove that £* could achieve the maxi-
mum pry. Since it can be proved that g(§) = %@ -
(BC + AE)¢ + 42 is a monotonically decreasing function
of variable £ € (0 VHmaz)» When 0 < { < &, we get
9(&) > B2(¢*)2 — (BC + AE)¢ + = 0. Similarly,
when & < & < \/lmaz» 9(§) < 0 can be derived.
Thus, £* corresponds to the maximum ¥ pry. When DIN is
employed, an optimal portion of interference should therefore
be neutralized to achieve the maximum PUE’s SE. The optimal
neutralization coefficient is calculated as p* = (£*)2.

IV. ADAPTIVE SELECTION OF IM METHODS

So far, we have proved that an appropriate portion of
interference needs to be neutralized so as to balance the
transmitter’s power used for IN and that for the desired signal’s
transmission. However, DIN is not free, although it is an
optimal design compared to complete IN. Thus, we need to
address how to intelligently select IM methods by taking into
account their benefits and cost under various communication
situations.

Since the macrocell is given priority over picocells, MBS
will not adjust its transmission for pico-users. IM should thus
be implemented at PBS or/and PUE. According to Eq. (2),
there are different ways of designing pg and wq to achieve
IM. In what follows, we study the adaptation of four typical
IM methods — non-IM (mode I), ZF reception at PUE (mode
II), ZFBF at PBS combined with the matched filter (MF) at

PUE (mode III), and DIN — to improve the pico-users’ SE.
In case of mode III, we use the concept of ZFBF but modify
the implementation, i.e., we let the transmitter corresponding
to the victim receiver adjust its beam so that the desired signal
is orthogonal to the interference at the intended receiver. Note,
however, that other IM schemes than those mentioned above
can also be included in the following discussion.

We first present a general expression of SINR at a receiver
which or/and the intended transmitter of which performs IM,
as given in Eq. (18); from this one can easily see the tradeoff
between the benefits and cost of IM.

[PTO _ P/?/[H} 10—0.1L0 H(WM
VYar = o2 +IM
where the superscript or subscript M denotes the index of IM
mode. Pj?,lH represents for the power cost at Tx with IM mode
M. pg and wy are the precoder and the receive filter employed
for the desired transmission, while p; indicates the precoder
at the interfering Tx. When M 6 {1, II, IIT}, PQH =
0 and IM = Ppr, 1070510 |[(wi!) T hyopy | ? whereas for

DIN, PN is calculated using Eq (8). H (wph) thpé‘"”
and 7 M reflect the attenuation of the intended signal’s power
and the extent of interference mitigation, respectively. As can
be seen from Eq. (18), reducing the interference term in the
denominator of 1 incurs a loss of the desired signal power,
indicated by the numerator of 1. In what follows, we use
SVD-based pre- and post-processing as an example, but can in
practice use any processing method. Note that when I = 0,
SINR becomes SNR.

When non-IM is employed by a picocell, we simply use
pb= v(()l) and w{ = uél). In this case, PP = 0, so we have
the SINR at PUE as:

)HhopéleQ

(18)

_ Py, %)
Yr = 7 (19)
o2+ P§ ||(wh)Thiop ||
The PUE’s achievable SE can be calculated using Shannon’s
Theorem.

With ZF reception (mode II), PUE designs wi! to nullify
the MBS’s interference. We employ p; = vgl), Wi = u(l)
and p}! = v(()l), and leave w{! to be calculated. wi! should
be orthogonal to hjgp; so that the interference term after

filtering, |/Pg, (w{')"hiopi21, becomes 0. We first project

uél) onto the orthogonal direction of hygp;. Then, the result
is normalized to obtain w/!. Let v, = hyop;/|/h1op1]|, then

ul) v H g
. SNR at the PUE is

I _ —V, Uy Vg
W, = T
0 1 1
H ( ) VH ( ) ‘

i = Py, [|(wg") T hopg!||* /o2 (20)
Eq. (20) can be simplified further as:
Y = ch;op‘(()l)} ’ Wo au(()l) ‘ /U (21)

Since ‘ (wil, ugl)

is accompanied.
Besides non-IM (mode I) and IM processing at the victim
receiver end (i.e., ZF reception (mode II)), IM can also be

)‘ < 1, some power loss of the desired signal



implemented at the transmitter. With mode III, PBS adjusts
its transmit beam so that the spatial feature of the desired
signal, hyopg, may be orthogonal to that of the interference
from MBS, hyyp1, observed at PUE. Then, PUE applies MF
to recover zg.

We first design pi!! to make hgp{!! orthogonal to
hjop;. Then, we determine wj!! matched with the desired

signal’s signature hop{’!. Let v; = hyopi/||hiopi], a
(1) H (1)
unit vector v = v((’l) AL v((’nv’r which is orthogonal to
v’ —vEvg vzl
h,yp;, or equivalently v,, can be found. Then, p(I)H =
hy'vi /by 'vi| and wi'' = hop{!!/|lhopg!t||. The
achievable SINR of PUE can be calculated in terms of Eq. (20)
by replacing p! and wi! with p}/! and w{!!, respectively.

Similarly to the analysis of mode II, as f(wél I hopdt! >| <

)\gl), the loss of the desired signal power results, degrading
the PUE’s SNR as well as its achievable SE.

We present criteria aiming to achieve as high ) and PUE’s
achievable SE as possible, with which different IM modes can
be selected adaptively.

We first compare )p;y with SINR/SNR of the other IM
modes. Let P, = nPy§,, v = P§, /o2 and e = 1001 (Lo~ L10),
In case of DIN, we assume the optimal p* is employed.
Note that Ppyy10~%1F0 = 1* Pf, ||g||?, as can be seen from
Egs. (7) and (9). By letting ¥y > ¢ psn, we have

l_PDIN

1 oy
> @
o + P, H(W(I))Hh10p1||2 o2 + 1,

By simplifying Eq. (22), we can obtain

”g”Q > P’16"1||a| - I, _ ﬂ ||a||2 — (1 % /J‘*)2|X‘2
L A R e

(23)
where o = (w})?hjop;. When Eq. (23) holds, non-IM is
preferred to DIN.

Next, we compare ¥prny to ¥rr and rrr. Both
and ;7 can be calculated by following Eq. (18). Recall
that Pg,y = Ppry1070-1Lo, Py = Pr, 10701110 and
Ppin = puePr,|gl|?. Let Yrr/1rr > Ypin, then similarly
to the derivation of Eq. (23), we obtain

14+~(1 — /%)% x|
||8H2 > % {1 _ 7( )% x| ||ﬁII/IH|2} (24)

1
A
where /1T — (wéI/HI)HhOpO. When Eq. (24) holds,

Yrr/rrr exceeds Ypyn. Note that if MBS could make an
IT/IIT (1)
0 =V, and

adjustment to avoid interference to PUE, p
wéj/ HE ugl) can be adopted by PBS and PUE, respectively.
Then, we have 37//711 = \{") and ||g||2 > 0 holds definitely,
i.e., DIN is not necessary. In the above situation, neither mode
II nor III is necessary, i.e., no need for IM in a picocell since
MBS handles the interference to PUE.

We now compare v; with ¥;; and ;7. By letting ¢y >

Yrrrrr, we get
AP

IT/IIT 2
—_— >

(25)

Algorithm 1 Adaptive selection of IM methods

Initialization:
PBS acquires interference information and computes precoders
and filters under different IM modes;
Procedure:
1: if Eq. (23) holds then
2: if Eq. (25) holds (8’7 is considered) then

3 if Eq. (25) holds (8" is considered) then
4: Mode I is adopted;
5: else
6: Mode III is employed;
7: end if
8. else
9: if Eq. (26) holds then
10: Mode II is adopted;
11: else
12: Mode III is employed;
13: end if
14:  end if
15: else
16:  if Eq. (24) holds (8’7 is considered) then
17: if Eq. (26) holds then
18: Mode II is adopted;
19: else
20: Mode III is employed;
21: end if
22: else
23: if Eq. (24) holds (B! is considered) then
24: Mode III is adopted;
25: else
26: DIN is employed;
27: end if
28:  end if
29: end if

where o = (w})%hjop;. When Eq. (25) holds, non-IM is
adopted.

Finally, mode II and III are compared. When the following
inequality holds, mode II is preferred.

[)\E)I)P ‘<W617ugl)>‘2 > |12 (26)

Algorithm 1 shows how to implement the adaptive selection
of IM modes. Collaboration between picocells and a macrocell
is required in practice so that PUE is able to estimate both hg
and h;y and feed back to PBS. In addition, an explicit or
implicit low rate control channel should be employed [15] so
that PBS could inform PUE of the IM mode being used.

So far, we have considered only one desired signal and
interference in the design of DIN. When there are multi-
ple interfering signals from a MBS, DIN can be applied
to each of the interferences separately, or the construc-
tive/destructive interactions among these interfering signals
can be exploited to reduce the dimension of interference
[16]. We can generate a signal for dynamic IN by exploiting
the combined interference Zle P%l_kh1op1,k$1,k, where
X1 = [T11, @1k - L1,k is the MBS’s transmit data
vector and P%m is the Tx power for xiy, i.e., P, incor-

porated with the path loss 1071210 In the case of multiple
desired signals, DIN can be applied directly to mitigate the



interference regardless of the number of intended transmis-
sions, i.e., DIN can be extended to the case of multiple desired
signals.

V. SIMULATION RESULTS

MATLAB simulation is used to evaluate the adaptive IM
methods incorporated with DIN. We set d = 300m, D =
3000m, Pr, = 23dBm and Pr, = 46dBm [13, 17]. Path
loss are set to Lijg = 128.1 + 37.6log10(p10/10%) dB and
Lo = 38+30log10(po) dB as in [14] where pg < d and p1g <
D. Since Ly and L, are dependent on the network topology,
Pf, ranges from —89dBm to 23dBm, whereas Py, varies
between —100dBm to 46dBm. For clarity of presentation,
we adopt 7 = 10lg(7y) where v = Pf. /o7, Recall that 1 is
defined as n = Py, / P7. . Based on these parameter settings,
n € [—135,123] dB. Note, however, that we obtained this
result for extreme boundary situations, so its range is too wide
to be useful. In practice, a PBS should not be deployed close
to MBS and mobile users may select an access point based on
the strength of reference signals from multiple access points.
Based on this practice, we set 1 € [0.1, 100] in our simulation.

1.5 5 =
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z 23
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(a) Strong interference. (b) Weak interference.

Fig. 2. ¥prn vs. punder Ny, = Nry = Ny = 2,5 = 0dB, and n = 2.

Fig. 2 shows two samples of the relationship between ¢p;n
and p. The interference shown in Fig. 2(a) is relatively strong,
and hence, when (> ftyq, Where fi,q, < 1, there won’t be
enough power for PBS to neutralize the interference. In such a
case, we simply switch off IN and adopt non-IM (mode I) with

e (172
which ¢y = pt
case of DIN by setting &+ = 0. Since the interfering signal in
Fig. 2(b) is weak, it can be completely neutralized, i.e., tmax
can be as large as 1. In both figures, the optimal p, denoted
by u*, is computed as in Section III, which corresponds to
the maximum ¥ p;ny. We can conclude from Fig. 2 that in
order to better utilize the transmit power for both IN and
data transmission, it is necessary to intelligently determine an
appropriate portion of interference to be neutralized.

Fig. 3 plots the PUE’s average SE versus p for different .
As can be seen from the figure, the average u* grows as 7
increases. Since non-IM can be regarded as a special case of
DIN, non-IM’s SE cannot exceed DIN’s. When 7 gets too high,
a large portion of interference is preferred to be neutralized. As
shown in the figure, provided that n = 100, the average p* is
approximately 0.9. In addition, since the strength of the desired
signal relative to the interference grows with an increase of 7,
the PUE’s SE performance improves with 7).

Non-IM can be included as a special
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Fig. 3. Spectral efficiency of PUE vs. p under N7, = Ngr, = Np, = 2,
4 = 0dB, and different 7).

Fig. 4 shows the average p/* under N7, = Ng, = N, = 2,
different n and 7. With fixed 7, the average p* grows with an
increase of 7. This is because the interference gets stronger
with 4, and hence, to achieve the maximum SE, the optimal
1 should increase with 7, i.e., preferring more interference to
be neutralized. With the same 7, the average p* grows with
an increase of 1), which is consistent with Fig. 3.

1
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~
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0 5 15 20
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Fig. 4. Average p* vs. 4 under Np, = N, = Ny, = 2 and different 7.

Fig. 5 plots PUE’s average SE along with p under different
antenna settings. We use a general form [Ng, Ng, Nr,| to
express the antenna configuration. Ny, = Np, is fixed in
Fig. 5(a). The average p*, marked by pentagram, decreases,
while PUE’s SE increases as Ny, increases. With such antenna
settings, since N7, and N, are fixed, the processing gain with
the transmit antenna array doesn’t change for the desired signal
or the interference. However, as Np, increases, the receive
gain for intended signal grows as the filter vector wy —
designed to match hg — is an Np, x 1 vector. As a result, the
desired signal, relative to the interference, after receive filtering
becomes stronger with an increase of Np,, thus enhancing
the PUE’s SE and reducing the average p*. In Fig. 5(b), Ny,
and Ny, are fixed, and Ny, varies from 2 to 8. Since the
transmit array gain of desired signal grows with an increase
of Nr,, and more interference can be neutralized with the
same power overhead as Nz, grows, both the average ;1* and
the achievable SE improve as Ny, increases. In Fig. 5(c), N,
and Np, are fixed while N7, ranges from 2 to 8. Although
Nr, varies, MBS causes random interferences to PUE as PUE
adopts wq to decode z( regardless of the interference channel
h,(. Hence, both ;1* and the PUE’s average SE under different
N7, remain similar.

Based on Figs. 3-5, the relationships of p* and PUE’s
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Fig. 5. Spectral efficiency of PUE vs. p under n = 2, 4 = 0d B, and different antenna settings.

SE with increases of parameters, 7, 7, Ng,, N7, and Np,
are summarized in Table II, where the symbols 1, | and —
indicate increasing, decreasing, and invariable, respectively.
Note, however, that the relation between PUE’s SE and #
should be referred to Figs. 6 and 7.

TABLE 11
THE RELATIONSHIPS OF p* AND PUE’S SE WITH INCREASES OF
PARAMETERS.
Param. n | 7 | Nry N, N,
w* T 4 T -
PUESSE | T | T T T -

Fig. 6 shows the PUE’s achievable SE with different IM
methods. 7/ is also plotted to demonstrate the advantage of
DIN over complete IN. The upper bound of ry is obtained
by adopting py = V(()l) and wg = u((]l) without interference.
Adaptive selection of IM is shown to provide the best SE
among the fixed IM methods. In Fig. 6(a) with n = 0.1, the
interference is relatively strong and the probability of Pr, not
being sufficient for complete IN is high. So, IN frequently
switches to mode I, i.e., when complete IN is not available,
non-IM is adopted. As for DIN, the optimal p is close to O
(non-IM) as shown in Figs. 3(a) and 5. Hence, 7™V overlaps
with 7§ (non-IM) and r{". Modes II and III cause loss to the
desired signal power while suppressing interference. Mode III
causes more loss than mode II, resulting in inferior SE. When
~ is low, noise is the dominant factor affecting the PUE’s
SE, the benefit of IM is limited, or even the cost of IM may
outweigh its gain. As a result, 7“6 is close to, or even shows
some advantage over 71, 1 rIN and rPIV at low 7. When
7 is large, the SE of modes II and III outperforms that of non-
IM, or complete IN and DIN. Thus, it can be concluded that
DIN is not suitable for managing relatively strong interference.

In Fig. 6(b), when 7 is large, Py, is relatively stronger than
the interfering signal that undergoes path loss. PBS is able
to implement complete IN with a high probability. Non-IM
is close to complete IN and DIN, and outperforms modes II
and III at low 7. The analysis is the same as that in Fig. 6(a).
As 7 increases, SE of modes II and III gradually exceeds that
of non-IM, and the advantage of complete IN and DIN over
non-IM becomes more pronounced.

Fig. 7 plots the achievable SE of PUE along with 7 for
different IM schemes. In Fig. 7(a), when 7 is small, the
interference is weak relative to noise. Noise dominates the
SE performance, and thus the contribution of IM to SE is
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Fig. 6. Spectral efficiency of PUE vs. 4 with various IM schemes under
N1, = Nr, = Nr, = 2 and different 7.

limited. Moreover, the desired signal’s power loss caused by
IM would degrade the PUE’s SE, which may even exceed the
contribution of IM. When both 7 and 7 are low, Pf, and Pf,
are small compared to the noise. As is shown in Fig. 7(a), DIN
and complete IN overlaps with non-IM, outputting slightly
better SE than the other IM methods under low 7. This is
because at low 1 complete IN is not available hence is replaced
by non-IM, whereas for DIN, p* is selected approximately 0,
hence approaching non-IM. As 7 increases, the probability that
PBS can fully neutralize the interference grows, enhancing SE.
Thus, when 77 > 20 complete IN exceeds non-IM. Fig. 7(a)
shows that DIN and adaptive IM yield almost the same SE.
This can be explained by the fact that modes II and III are
inferior to non-IM and IN under small v; besides, non-IM and
complete IN are special cases of DIN, thus making adaptive
IM essentially equivalent to DIN. Specifically, the adaptive
IM prefers non-IM when 7 is small and employs complete IN
for large n, whereas for DIN, p* = 0 is adopted when 7 is



small which is equivalent to non-IM, when 7 becomes large

complete IN outperforms non-IM, so DIN adopts p* = 1.
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Fig. 7(b) shows the case when the interference is relatively
stronger than noise. IM contributes more to SE enhancement.
Especially for ZF, its achievable SE is higher than that of
non-IM. When 7 is high or extremely low, DIN overlaps with
complete IN, whereas for the other 7 values, DIN is superior
to IN. This is because PBS is able to neutralize relatively weak
interference when 7 is large, and hence DIN tends to become
complete IN. For very small 1, DIN and IN are equivalent
to non-IM. With medium 7, DIN could better utilize Pr,
for both interference neutralization and the desired signal’s
transmission. As a result, DIN’s overall SE performance is
better than that of complete IN.

TABLE III
THE PREFERRED IM SCHEME UNDER EXTREME 1) AND 7.

5 1 Low High
Low DIN (non-IM) | DIN (Complete IN)
High ZF DIN (Complete IN)

Based on Figs. 6 and 7, the method that adaptive IM selects
with a high probability under extreme 7 and 7 combinations
is shown in Table III. Since DIN subsumes complete IN and
non-IM as special cases, and ZF outperforms mode III, the
adaptation is the choice between DIN and ZF.

VI. CONCLUSION

In this paper, we proposed an adaptive interference manage-
ment (IM) mechanism that incorporates dynamic interference
neutralization (DIN). The existence of an optimal portion of

interference to be neutralized has been theoretically proved.
Our in-depth simulation results show that DIN could achieve
better use of the transmit power, enhancing spectral efficiency.
Here we mainly focused on the management of a single
interference and restricted DIN to the adjustment of power. In
practice, however, multiple interferences may originate from
one or multiple transmitters. Which interference(s) and how
much of each interference should be neutralized so as to
optimize the system’s SE are also important issues that warrant
further investigation. In order to solve these problems, both
power and spatial domains should be taken into account. These
are matters of our future inquiry.
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