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With the rapid development of wireless technologies, interference has become a main
impediment to network performance, making interference management (IM) a critical is-
sue that warrants a thorough investigation. In this paper, we propose a novel IM technique,
called signal dodging and interference guiding (SDIG). With this method, we first intel-
lectually move the data transmission away from the interference, which we call signal
dodging, hence can partially avoid the influence of disturbance to the desired signal. Then,
we employ existing IM method, including zero-forcing (ZF) reception, interference align-
ment (IA), interference steering (IS), etc., to further eliminate the impact of interference
on the interfered receiver (Rx) via nullifying the disturbance (using ZF) or guiding/adjust-
ing the interference to be orthogonal to the desired transmission (with 1A, IS, efc.). The
SDIG consists of two-phase processing, the first one is modifying the desired signal, and
the second one is mitigating the interference. This is similar to the idea of Taichi in that
both involve the actions of passive defense and active attack. Therefore, we also use the
term Taichi as an equivalent for SDIG. Our in-depth analysis and simulation have shown
that with the proposed scheme, the spatial domain communication resource of the inter-
fered transmission-pair can be properly and efficiently utilized, thus both the interfered
user’s and the system’s spectral efficiency (SE) can be significantly improved.

Keywords: interference management, heterogeneous networks, signal dodging, interfer-
ence guiding, spectral efficiency

1. INTRODUCTION

With the tremendous growing of subscribers’ communication demand [1], the capac-
ity of traditional cellular systems needs to be substantially improved in the 5G era. Network
densification, i.e., deploying small cells on top of existing cellular networks to increase the
frequency reuse, has been widely accepted by the operators as a promising solution for
enhancing network capacity [1]. However, as the degree of frequency reuse increases, in-
terference has become the key impediment in further improving the network performance.
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Therefore, effective interference management (IM) is regarded as critical issue that war-
rants thorough investigation.

IM is a fundamental issue in wireless communications. Existing IM methods in cel-
lular networks [2, 3] employ resource partition to isolate mutually interfering transmissions,
e.g., time division multiplexing (TDM) and frequency division multiplexing (FDM), so
that interference can be effectively mitigated. However, these mechanisms may cause deg-
radation of frequency efficiency due to under-utilization of spectrum. Besides, there have
been various signal processing techniques that can also be adopted for IM, such as zero-
forcing (ZF) reception [4], zero-forcing beamforming (ZFBF) [5], interference alignment
(IA) [6, 7], interference neutralization (IN) [8] and interference steering (IS) [9]. However,
none of these existing IM methods are free of cost. That is, all IM methods manage inter-
ference at the cost of consuming certain types of communication resources (the details can
be found in the related work part).

As is known, the realization of data transmission relies on the consumption of certain
types of resources such as time, frequency, code, space and power. The first three types
have been adopted in some practical systems, e.g., advanced mobile phone service (AMPS),
global system for mobile communications (GSM) and code division multiple access
(CDMA) systems. Besides, there have been numerous research works on the utilization of
spatial domain resource such as MIMO, Massive MIMO, Small cell and device-to-device
(D2D), and power domain resource, e.g., non-orthogonal multiple access (NOMA), so that
the system’s capacity can be further improved.

Based on the above discussion, given limited communication resource, the more re-
sources used for IM, the less available for the data transmission. In the design of IM meth-
ods, some researchers put emphasis on the effectiveness of interference suppression or
elimination, while the others focus on the intelligent allocation of resources to multiple
interfering data transmissions. However, joint design of the above two aspects is left un-
addressed. How to appropriately allocate resources to data transmission and IM so as to
optimize the system’s spectral efficiency (SE) is an important issue that is worthy of a
thorough investigation.

Since MIMO can enhance system’s SE and realize IM by exploiting spatial resource,
we will present our design in a MIMO scenario. In a conventional MIMO transmission,
the principal eigenmode has the largest channel gain, thus beamforming (BF) employs this
best eigenmode for data transmission. However, in practice, the impact of interference on
the desired transmission in the principal eigenmode may be strong, i.e., the projection of
interference on the principal eigenmode is large. In such a case, it may be unwise to select
the principal eigenmode for the desired signal’s transmission. Motivated by this observa-
tion, we present a novel signal dodging and interference guiding (SDIG) scheme in this
paper. By properly selecting eigenmode for data transmission and adjusting the interfer-
ence’s spatial feature based on the strength of interference, spatial features of interference
and eigenmode occupied by the desired data transmission, users’ SE can be improved. The
proposed method consists of two phases, i.e., signal dodging (SD) and interference guiding
(IG). The first phase aims at choosing an eigenmode suffering less interference in data
transmission, which is characterized by passive interference management (PIM). As a
comparison, ZF reception, ZFBF, IS and IA are featured as active IM (AIM) since these
schemes are realized by either suppressing or modifying the interfering signal actively.
The second phase of SDIG, i.e., IG, focuses on employing proper AIM method to further
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reduce the influence of disturbance. Therefore, the proposed mechanism incorporates both
interference suppression and data transmission, hence showing advantages over those
schemes considering only one aspect. Since the idea of SDIG is similar to that of Taichi,
i.e., dodging the attack from an opponent and making the opponent away by exploiting the
opponent’s own feature, we also adopt this term as the name of our method. In this paper,
we consider the downlink transmission in heterogeneous networks (HetNets) consisting of
overlapping macro- and pico-cell sharing the same frequency band. By taking into consid-
eration of the practical factors such as the path loss and the transmit power difference be-
tween the base stations (BSs), we propose SDIG/ Taichi to improve the users’ SE perfor-
mance.
The contributions of this paper are two-fold:

® Proposal of signal dodging (SD). We derive the criterion of whether to adopt SD or not,
according to the strength of interference and the spatial correlation of the desired signal
and interference.

o Effective utilization of PIM and AIM. To be specific, by employing interference guiding
(IG) after SD, SDIG/Taichi is realized. With SDIG/Taichi, resources are appropriately
allocated to the desired signal’s transmission and IM, yielding improved system’s SE.

The rest of this paper is organized as follows. Section 2 presents some related works,
while Section 3 describes the system model. Section 4 designs SD and discusses its neces-
sity, and Section 5 presents SDIG/Taichi for effective utilization of communication re-
sources. Section 6 discusses the generalization of the proposed mechanism, and Section 7
evaluates the performance of SDIG/Taichi. Finally, Section 8 concludes the paper.

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

2. RELATED WORK

Among those IM methods mentioned in the introduction part, ZF reception eliminates
the impact of interference on the desired signal by employing a filter vector orthogonal to
the disturbance at the interfered receiver (Rx) [4]. ZFBF appropriately adjusts the trans-
mitted beams so that the spatial feature of the interfering signals can be orthogonal to that
of the desired signal at the interfered Rx [5]. IA aims at constructing signals at the inter-
fering transmitters (Txs) so that these signals overlap with each other (i.e., aligning in a
compressed subspace) at their undesired Rx, hence the degree of freedoms (DoFs)! for
desired data transmission is maximized [6, 7]. With IN, a neutralizing signal of the same
strength and opposite direction with respect to (w.r.t.) the interference is generated, so that
the interfering signal at the undesired destination can be mitigated over the air, leading to
the interference-free transmission from a source to its destination [8]. By making use of

U DOF is defined as the first-order approximation of sum rate capacity at high signal-to-noise ratio (SNR) regime
[10, 11]. In point to point multiple-input multiple-output (MIMO) case, DoF can be regarded as the number of
spatially decoupled parallel channels obtained by applying singular value decomposition (SVD) to the channel
matrix [12]. In this paper, we use DoF to denote the number of concurrent interference-free data transmissions
that the system can support. We also use DoF to represent the spatial subchannel that can be used for data
transmission.
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interference at the interfered Rx is orthogonal to its intended signal [9].

However, none of the abovementioned IM methods are free of cost. By shaping trans-
mitted beam, both ZFBF and IA incur the loss of the adjusted signal’s strength. ZF recep-
tion yields the desired signal’s power loss while eliminating the influence of disturbance.
Moreover, ZFBF and ZF reception require multiple antennas at the Tx and Rx, respectively,
whereas for IA, both ends of the communication link should be equipped with multiple
antennas [13]. With IN, since interference is neutralized over the air, no extra DoF for IM
is required, but generating neutralizing signal consumes transmit power at the Tx associ-
ated with the interfered Rx [13]. As for IS, one DoF at the interfered Rx is required to
accommodate the adjusted disturbance which is similar to IA; and moreover, generating
steering signal incurs transmit power overhead like IN. From the above discussion, we can
conclude that IM consumes some types of communication resources such as DoF and
power. However, such resources can also be used for the desired data transmission. There-
fore, IM is crucial to the improvement of data transmission in two aspects, i.e., interference
suppression/mitigation and communication resources consumption.

3. SYSTEM MODEL

We consider downlink communication in a hybrid cellular system consisting of over-
lapping macro- and pico-cells. Macro user equipment (MUE) and pico user equipment
(PUE) are served by macro base station (MBS) and pico base station (PBS), respectively.
MBS and PBS are equipped with N7, and Ny, antennas while MUE and PUE have Ng, and
Np, antennas. Let Pr; and Py, be the transmit power of MBS and PBS, respectively. The
picocell operates in an open mode and allows the users within its coverage to access it.
Since the downlink transmissions in macro- and pico-cell share the same frequency band,
there is interference between them. However, as PBS’s transmit power is small and MUE
is not within its coverage, interference from PBS to MUE can be omitted. Although PUE
can be anywhere within the picocell, we take the worst case as an example, i.e., PUE is at
the edge of the picocell. Therefore, PUE receives the weakest desired signal.

To achieve as high SE as possible, the transmission from MBS to MUE is realized
based on their own CSI, which is the same as the case of point-to-point (p2p) MIMO. So,
we only study the management of interference from MBS to PUE. Let h; € C¥&*Mi be the
channel matrix from MBS to MUE. The channel matrices from PBS and MBS to PUE are
represented by hy € CM™ and h;o € CV**M respectively. A spatially uncorrelated Ray-
leigh flat fading channel model is assumed so that the elements of these channel matrices
are modeled as independent and identically distributed zero-mean unit variance complex
Gaussian random variables. All UEs experience block fading, i.e., channel parameters in a
block consisting of several successive transmission cycles remain constant in the block and
vary randomly between blocks. The BSs operate in a synchronized slot structure. In each
time slot, each BS allocates different resource block to its UEs [14], so that co-channel
interference (CCI) within a cell is avoided. The BSs can acquire CSI accurately via UEs’
feedback, and share UEs’ data information or/and CSI with other BSs via X2 interface [15].
We assume the backhaul dedicated to CSI and data information sharing, and signaling
delivery is error free, and with the latency at a negligible level relative to the time scale on
which the channel state varies.
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Fig. 1. System model.

For clarity of exposition, we begin our design from Ny, = Ny, = Nk, = Np,=2. We as-
sume BF is employed for each downlink transmission. Desired data symbols transmitted
from MBS and PBS to MUE and PUE are denoted by x{" and x{, respectively, satisfying
E(|Ix{V]]?) = E(||x{"||*) = 1. The path loss from MBS and PBS to a UE is modeled as L) =
128.1 + 37.6logio[0»/10°]dB and L, = 38 + 30logio[o)]dB [16], where the variable p),
measured in meters (m), is the distance from the Tx to the Rx.

4. DESIGN OF SIGNAL DODGING

In this section, we will give the design of signal dodging. Before delving into details,
we first present basic signal processing of the pico and macro transmissions. The received
signal at PUE is expressed as:

yo — 'I)TO IO—O.OSL0 hopf)l)x(()l) + 'f)rl IO—O.OSLH, hlopil)xl(l) + ZO (1)

where the column vectors p(" and p{V are the precoders for data symbols x{" and x{" at
PBS and MBS, respectively. The first and second terms on the right hand side (RHS) of
Eq. (1) are the desired signal from PBS and the interference from MBS. We employ sin-
gular value decomposition (SVD) based precoding and receive filtering as an example.
Applying SVD to h;, we have h;=UD,V#. We adopt p{"=v{" where v{" is the first column
of the right singular matrix V|, corresponding to the principal eigenmode of h;. z; is an
additive white Gaussian noise (AWGN) vector whose elements have zero-mean and vari-
ance o2. For clarity of exposition, we define P7, = P, 10012 and P, = P, 10110 where P,
and P7, indicate the transmit power of PBS and MBS incorporated with path loss perceived
by PUE, respectively.
The estimated signal at PUE after post-processing with receive filter f(" is:

To = B 5T o 5" B 67T by g + 6571 2, 2
As a counterpart, the received signal at MUE is:
¥, =B 10 hp"x +2,. 3)

The estimated signal at MUE employing f{V as the filter is obtained as:
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7 =B 10 [0 hpVx” +[£]" . S

In the following discussion, if MBS doesn’t adjust its transmission, we can without
loss of generality employ f{"=u(" where u{" is the principal right singular vector of h;.

As is known, in most existing transmission schemes, the principal eigenmode is usu-
ally used for the desired signal’s transmission due to its high channel gain. However, when
interference highly correlates with the principal eigenmode, it would be unwise to keep the
desired transmission in the severely polluted principal eigenmode. So, we design signal
dodging (SD) in this section. The main idea of SD is abandoning the severely disturbed
eigenmode and adopting the slightly polluted one for the desired transmission, even though
the latter has small channel gain. In what follows, we will discuss the necessity of SD.

Eq. (1) can be rewritten as:

— e @, e [O)
Yo = Przhopo Xo + 13£h10p1 Xtz ®)

The spatial features of the two terms on the RHS of Eq. (5) are determined by the
precoding vectors and channel matrices corporately. Applying SVD to hg, we can have hg
=UoDoVZ. Let v{¥ be the i (i = 1, 2, ..., min(Ng,, Nr,)) column vector of Vo. We employ
two unit vectors, i.e., d{" = hov{"/|[hov{"|| and A’ = hov{/||hov{?||, to represent the spatial
features of the eigenmodes of hy. Similarly, the interference’s feature is expressed by a
unit vector d.= hiop{"/|[hiop"|.

E © —»  Desired signal
=0T — »  Interference
g E .
3£ Eigenmode
o
[
£
d? . (1)
0 / ):q hypx;
-------- ¥
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Fig. 2. An illustration of the spatial features of the received signals at PUE.

Without loss of generality, we adopt matched filtering (MF) at PUE, i.e., félfw =d
(see in Fig. 2), which maximizes the received desired signal’s power.
We define the cosine of the angle between the desired signal and interference as:

_ldy.d) |

= =[[a"1"d, [l.o<o<Z. (©)
1y’ 11, | 1o Td 2

Substituting p{"’=v{" and f{" = félzw into Eq. (2), we can calculate PUE’s SE as:

© M2
VOA{mn—SD = lOgZ 1+ 2 [)TD || E? || 2 (7)
| o, + B 0 1"E, |

where E{" = hov and E, = hgp!". The superscript M in rﬁ/{m_SD indicates MF is adopted
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by the Rx, while the subscript non — SD means that SD is not employed. From Eq. (7) we
can see that with MF, the interference component still influences the desired signal. Since
(1§ ) A7E = [Pl 17d. > = ||EA| Pcos?@holds, Eq. (7) can be simplified as:

A
Y =log, {1+ ————— "
0,non—SD g2 JZ (1 +7 0052 9)

where Z = Py ||[E|*/ o3
By employing signal dodging, the desired signal is moved from the principal eigen-
mode to the secondary one, i.e., pél) = V(()z). Then, Eq. (8) becomes

P EY P
Mo =log,dl4+—n 0 = )
bsp =082 o.(1+Zsin’ 0)

where E(()Z) = hov(()z), indicating the spatial feature of the transmission via the secondary
eigenmode of hy.
. . .. . . . . M M
Next, we will discuss the condition under which SD is applied. Letting 7 ;> 7 .5
we have:

IE I —II B | _ Z(cos® 0| Ey” | — (1—cos”0) | Ex |") (10)
FES PIIESY | IIES FIIESY [

We define the ratio of the amplitude gain of the principal eigenmode to that of the
secondary eigenmode as o = ||Ef)1)||2/ ||E(()2)||2. Then, Eq. (10) can be simplified as:

costf> 2L @ (11)
Za+l) a+l

As long as the above inequality holds, SD is adopted.

It should be noted that although SD can avoid disturbance to some extent, since the
channel gain of the secondary eigenmode is less than that of the primary eigenmode, the
dodged desired transmission will be degraded. Therefore, the loss of channel gain is the
cost of SD. When the decrease of the impact of interference on the desired transmission
outweighs the loss of channel gain with SD, the interfered user’s SE can be improved
compared to that without SD.

5. INCORPORATE DESIGN OF SIGNAL DODGING
AND INTERFERENCE GUIDING

According to SD, the desired transmission is moved from the principal eigenmode to
the secondary one so as to avoid the impact of interference. However, the interference
remains unchanged. Therefore, SD belongs to passive IM (PIM). As a counterpart, some
IM methods including ZF reception, IS, IA and ZFBF, are realized by either suppressing
(ZF reception) or modifying (i.e., IS, IA and ZFBF) interference, thus can be regarded as
active IM (AIM). In existing AIM schemes, the desired transmission always occupies the
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principal eigenmode while the secondary one is used for IM. However, such methods ha-
ven’t taken the benefits and cost of IM into account, thus may incur severe transmission
performance loss. Therefore, we propose in this section the interference guiding (IG) to
modify the interference to the eigenmode most correlated with its original spatial feature,
so that the overhead of IM is minimized. That is, both PIM (SD) and AIM (IG) are incor-
porated in the design of SDIG/Taichi. Although we employ ZF, 1A, IS and ZFBF as ex-
amples in the design of SDIG/Taichi, it should be noted that other IM methods can also be
adopted in realizing SDIG/Taichi. For space limit, we do not elaborate in this paper.

5.1 SDIG With ZF Reception (SD-ZF)

We employ ZF reception at the interfered Rx (PUE). Since the filter vector is orthog-
onal to the interference’s feature, the disturbance is mitigated at PUE. However, some de-
sired signal’s power loss is incurred. The traditional ZF reception does not consider the
spatial correlation between the interference and the desired signal. The higher the correla-
tion, the severer power loss of the desired signal after ZF filtering. In such situation, we
can adopt SD-ZF which abandons the principal eigenmode intelligently and utilizes the
secondary one for data transmission. So, the attenuation of the desired signal incurred by
ZF filtering can be reduced.

We assume PUE employs ZF filter fé}g to recover its desired signal. Here, the sub-
script O indicates the orthogonal feature of the filter vector w.r.t. the interference. Then,
we can have the following equations:

15 " EQ 1P =11 EQIP (5517 di|* = || EQ|P sin® @ (12)
and
15 )" ESIP = 1 EC P II[f55]7 d5 I =1 EG|I* cos® 6. (13)

The post-processed signal at PUE is given by:
Yo =y B 501 Py xy” + B [0 1 hyopi iy +[£5 17 2, (14)

where pf)l) can be either vf)l) (with non-SD) or vf)z) (adopting SD), indicating the eigen mode
employed by the PBS-PUE transmission pair. In order to eliminate the second term on the
RHS of Eq. (14), we define v.= hlopil)/”h]op(ll)”. Then, we can get f(%= [ug)—vfug)vﬂ]/nug)
—v"uv . ||. When non-SD is adopted, we employ u! in the calculation of fé})o, whereas
for the SD, u” is adopted. ul” and u'? are the right singular vectors obtained from apply-
ing SVD to hy.

Then, PUE’s SE is computed as:

P E? | cos®(zi—0
rO?(SDZF):logz{l+ T“” K Ho_z G )} (15)

n

In Eq. (15), i = 1 indicates non-SD is employed, whereas i = 2 denotes the use of SD.
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Fig. 3. An illustration of SD-ZF.

Fig. 3 illustrates the basic idea of SD-ZF. As the figure shows, the spatial feature of
ZF filter is orthogonal to the interference. The desired signal is attenuated after filtering.
The greater the spatial correlation between the interference and the principal eigenmode,
the severer the attenuation becomes. Given an interference that is highly correlated with
the principal eigenmode, PBS may switch its data transmission to the secondary eigenmode.
In such a case, although the transmission gain of the desired signal reduces, its power loss
due to ZF filtering may be lessened as long as the correlation between the adjusted desired
transmission and ZF filter is not low.

We can employ the following criterion to determine whether it is worthy of applying
SD with ZF. Let rg spzF> rg 2> then we can have

Zcos?0> 1. (16)

That is, as long as Eq. (16) holds, SD should be employed with ZF reception.

Besides ZF reception, other AIM methods, including IS, TA, and ZFBF, can also be
employed with SD so as to further enhance PUE’s SE. These will be discussed in the fol-
lowing subsections.

5.2 SDIG with Interference Steering (SD-IS)

IS generates a steering signal to modify the interference’s spatial feature, so that the
original interference is steered to the orthogonal direction of the desired signal at the inter-
fered Rx [17, 18]. In what follows, the incorporation of SD and IS is presented.

Fig. 4 plots the principle of SD-IS. As the figure shows, steering signal s;s, or s;g;, is
employed to adjust the interference to the direction determined by either d(()z) or d(()l). It

E‘ o ——»  Desired signal
'E _"Q Ry o Interference
§ 55,‘ V{Eh“v:l*.l\_tlln 1‘7'|gcr1.mud.t
= -'_f — — #  Steering signal
-
) e « Signal dodging
s - ]

L' \l' R’(, h]uﬂ1 X

A Gffective i

! intfy, | Effective intf;

= 4y, The principal
L / .
¢ P vy x, eigenmode

Fig. 4. An illustration of SD-IS.
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should be noticed that generating steering signal consumes transmit power at PBS [17, 18].
Although the gain of secondary eigenmode is smaller than that of the principal one, the
power cost of steering interference to the principal eigenmode may be less than adjusting
disturbance to the secondary mode, as long as the interference is highly correlated with the
principal eigenmode.

We let PBS generate the steering signal and send it with the desired signal to the PUE
[17, 18]. The filtered received signals at PUE with SD-IS can be expressed as:

o =[Py =, TR0 Vx4 B 01 hp g 2 (17
+ BT 1 hyp {650, 1 2,

where Pjg, = Pis, 1012 and P;s, is the power cost for IS. The second term on the RHS of
Eq. (17) denotes the steering signal which adjusts the interference to the principal eigen-
mode To realize IS, equation \/?‘S” (s 1 hp,s, =—Phypi” sin @ should hold. The use
of V ) in the first term on the RHS of Eq (17) indicates that the desired transmission is via
the secondary eigenmode, i.e., SD is employed. Then, PUE’s SE is given by Eq. (18) as
follows,

/1(2)
rO(,)SD—IS =log, {1 + ( 15”2)[ ! } (18)

o

n

where /1(()2) represents the channel gain of the secondary eigenmode of hy. If SD is not
adopted, the interference should be steered to the principal eigenmode by employing a
steering signal in terms of parameters Pjs, and pys,, which can be obtained via solving equa-

tion /P [f3), 1" hp s, ==/ B hyop” cos .

5.3 SDIG with Interference Alignment (SD-1A)

With IA, the interferer designs precoder to modify its transmitted signal which causes
disturbance to the other Rx, so that the adjusted signal/interference is orthogonal to the
interfered Rx’s desired transmission. Compared to ZF reception and IS, IA sacrifices the
transmission performance of the interfering user-pair while avoiding disturbance to the
interfered Rx. Therefore, we use Fig. 5 to illustrate the realization of SD-IA where both
PUE and MUE are taken into consideration.

[~ —»  Desired signal £,
= T . = =
£9 eemseese #  Interference =a=]
S E| [pey .0 Ei d 5 E
5 igenmode g =
2 jJP hyvy ' x; g 25
Q= O =
= = 0 e (1)
= ? <« Slgnzll dodging = \ Pﬂ hu"u, 4
7@ -
° A N
1 € (1)
B ”'mPu 1 Y Fip,, %
| \J kmpu ‘1
PUE [[“ P'“ Iy (,J m Th; principal MUE Th-e principal
Vo X eigenmode eigenmode

Fig. 5. An illustration of SD-IA.
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With SD-IA, the received signal at PUE is:
Yo=yF; hve'xg” + PTThmplA,xl(l) . (19)

hiopu, = hovf)l) should hold, indicating the interference from MBS is aligned in the principal
eigenmode of hy. The precoder at MBS can be computed as py4, = h{éhovf)l). With 1A, the
received signal at MUE is y, =\/P710’°'°5’4h,pmle” +z,. We let PUE adopt f;), =u}”
to recover its desired signal. Then, the estimated signal at PUE is y = [uf)z)]”yo. Since the
interference component is orthogonal to the desired signal, the second term on the RHS of
Eq. (19) becomes zero after post-processing with u(()z). As for MUE, it can adopt fl(lgw =
hipu, /||hipuy| as the receive filter, then we can get y; = [fl(};l]Hyl.

5.4 SDIG With Zero-Forcing Beamforming (SD-ZFBF)

With ZFBF, the Tx related to the interfered Rx, i.e., PBS, designs precoder to prepro-
cess its data, so that the desired transmission is orthogonal to the interference perceived by
the interfered PUE. Here it should be noted that in our design, we realize ZFBF at the
interfered PBS instead of the interfering Tx, i.e., MBS [5, 8]. Fig. 6 plots the principle of
SD-ZFBF. As the figure shows, the adjusted pico-user’s transmission is orthogonal to the
interference, but locates neither in the principal nor the secondary eigenmode. In a sense,
ZFBF implicitly reflects the idea of signal dodging in its precoder design.

By designing p(()l), the spatial feature of the desired signal of PUE, i.e., hop(()l), should
be orthogonal to that of the interference, i.e., hlop(ll). Then, the filter vector matching the
desired signal can be determined. p} is calculated as follows. We first define v.= hyop{"/
[hiop{V]|, then p{” = [v§" = vIVIVA/IVS" — vEviPvz || is obtained. PUE can adopt félﬁw =
hop{"/||hop{|| as the receive filter. For space limit, we do not show the post-processed
signal at PUE which can be referred to the derivations in the previous subsections.

E‘ o —_— Desired signal
E -::E --------- #  Interference
B 5 Eigenmode
23
[—.
dll} J (1 (1)
' , Pl py x|
P, p Pyl o N
! T, []I 0 -tn ._..--"'E
Lo e Eftbctive intf,
PUE dVv - The principal
v cigenmode

Fig. 6. An illustration of SD-ZFBF.

6. GENERALIZED DESIGN OF SDIG/TAICHI
6.1 Generalized Number of PBSs and PUEs

We now discuss the generalization of the number of PBSs deployed in the coverage
of a macro-cell and the number of PUEs served by each PBS. In a hybrid cellular network
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consisting of an MBS and multiple PBSs, each PBS schedules a PUE in a slot. All PBSs
are within the coverage of the MBS. The CCI within the picocell can be avoided by allo-
cating different resource blocks to the PUEs. We can also exploit spatial resource by em-
ploying proper precoders at the PBS so that concurrent transmissions to the PUEs are or-
thogonal to each other, hence eliminating CCI. However, in this case, the achievable num-
ber of orthogonal downlink transmissions is restricted by the antennas at the PBS and PUE.
As mentioned above, PBSs are installed by the network operator. Inter-picocell interfer-
ence could therefore be effectively avoided by the operator’s planned deployment or re-
source allocation. In summary, with an appropriate system design, the proposed methods
can be applied to the system with multiple PBSs and PUEs.

6.2 Generalized Number of MUEs

In the previous design, we assume that MBS sends one data stream to a MUE, i.e.,
PUE is affected by only one disturbance. When there are multiple MUEs, multiple inter-
ferences may influence the PUE. In such a case, PBS can apply either IS directly to each
interference, or IS and ZF reception to the aggregated effect of the interferences. The de-
tails can be found in [17, 18]. As for the interference between multiple MUEs, various
multi-user downlink transmission schemes [19] can be employed, which is beyond the
scope of this paper.

6.3 Design of SDIG/Taichi Under Imperfect CSI

So far, we have presented various IS implementations under instantaneous and perfect
CSI, which is difficult to be obtained in practice, especially for fast varying channels. There-
fore, exploiting statistical CSI (S-CSI) instead of instantaneous CSI (I-CSI) would be easier
and cost-effective. Although S-CSI is somewhat more realistic than I-CSI, its inaccuracy
may incur some performance loss compared to the schemes based on I-CSI. Moreover, the
[-CSI-based designs and the results therein could still provide some theoretical conclusions.

There are several causes of partial CSI (or CSI error), including estimation error, CSI
quantization, efc. The channel matrix can be modeled to account for CSI error as [20]:

H=cH+1-£E (20)

where H and H denote accurate and inaccurate channel matrices, respectively. Coefficient
£€(0,1] indicates the degree of CSI imperfection and £= 1 means perfect CSI. Matrix E is
an Ni x Nr diagonal complex Gaussian matrix with zero mean and unit variance where Nx
and Nr are the numbers of antennas equipped with the receiver and transmitter of a MIMO
link. As shown in [21], £ can be used to indicate the impact of several factors on CSI, and
hence is a function of the length of training sequence, SNR and Doppler frequency shift.
To improve the robustness of the proposed method to the abovementioned imperfect
CSI, one can devise an iterative method based on either minimum mean-square error
(MMSE) [22] or maximum signal-to-interference-plus-noise ratio (SINR) [22]. By exploit-
ing the reciprocity/duality of wireless networks, a Max-SINR algorithm was proposed in
[23] to obtain receive filters and precoding vectors so as to maximize SINR at the Rxs.
Since the design of SDIG/Taichi under S-CSI and imperfect CSI is beyond our scope,
they are not elaborated in this paper. However, these can be matters of our future inquiry.
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7. SIMULATION RESULTS

We now evaluate the proposed SDIG/Taichi using MATLAB simulation. The simu-
lation parameters are given in Table 1 [16, 18].

In what follows, we will first set Npy=Ng,=Nr,=2 in the simulation of Figs. 7-9. Then,
we evaluate the performance of the proposed methods under more generalantenna config-
urations (see in Fig. 10). Since Ng, only affects the SE of MUE, we study the influence
of this parameter to the system’s SE in Fig. 11. According to the parameter settings in
Table 1, since Lo and L, are dependent on the system topology, i.e., the lo cations of MBS,
PBS, MUE and PUE, we can obtain that Pe ranges from —89 dBm to 23 dBm, whereas P‘;O
varies between 77 = P7./Py, to represent the relative strength of interference to the desired
signal perceived by PUE. Then, based on the above parameter settings, we can derive
ne[-135, 123] dB. Note, however, that we obtained this result for extreme boundary situ-
ations, 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 7 € [0.01, 10] in our
simulation [18]. In evaluation, we also define a factor {'= coséto indicate the correlation
between the spatial have ¢ e [0, 1]. We define signal-to-noise ratio (SNR) as SNR =10
logio(Py,/0)) dB in features of the interference and the principal eigenmode of ho. Since
0e[0, /2], we can have ¢ e [0, 1]. We define signal-to-noise ratio (SNR) as SNR=10
logio(P,/0;) dB in the simulation. Moreover, in the evaluation, when the IM is unavaila-
ble, i.e., the power cost for IS exceeds the budget at PBS, non-IM (i.e., PUE employs MF
in reception) is adopted. Since IA is realized by the interfering Tx, yielding some SE loss
of the interfering transmission pair, whereas no SE loss is incurred by IA to the interfered
transmission pair, we do not simulate SD-IA in the evaluation of PUE’s SE performance.

Table 1. Parameter settings.

Parameter Value
The radius of pico-cell 300 m
The radius of macro-cell 3000 m
Transmit power of MBS 46 dBm
Transmit power of PBS 23 dBm
Path loss from MBS to a UE L)=128.1+37.6logi0[p/10°] dB
Path loss from PBS to a UE L=38+30logio[o)] dB
Range of Pr, [-89, 23] dBm
Range of Py, [-100, 46] dBm
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Fig. 7 plots the variation of PUE’s SE with SNR under various {'and 7. The detailed
signal processing can be found in Section 4. As the figure shows, large ¢ indicates strong
effective interference imposed on PUE, yielding the PUE’s SE of SD to be superior to that
of non-SD. Under fixed &, both SD and non-SD output decreased SE as 7 grows. This is
because the interference becomes strong with an increase of 7, incurring low received sig-
nal-to-interference-plus-noise ratio (SINR) at PUE. From Fig. 7 (b) we can see that given
fixed n, PUE’s SE with SD grows as ¢increases whereas for non-SD, PUE’s SE decreases.
This is because given the same interference, its projection on the principal and secondary
eigenmodes of hy increases and decreases, respectively, as ¢ grows, incurring degradation
and improvement of PUE’s SE with non-SD and SD, respectively.
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Fig. 8. Spectral efficiency of PUE vs. SNR under {> 0.7, < 0.3 and different 7 with IS (without
SD), SD-IS and their adaptation.

Fig. 8 shows the PUE’s SE of IS, SD-IS and their adaptation. As the figures show,
the adaptive selection of IS and SD-IS, i.e., Adpt. SD/SD-IS can provide the best SE. Given
fixed n, PUE’s SE with SD-IS under a large ¢ exceeds that under low £ This is because
under large ¢, IS can adjust the disturbance to the principal eigenmode with less power
overhead, while steering interference to the secondary mode costs more power. The de-
tailed analysis can be found in the discussion about Fig. 7. As 7 increases, PUE’s SE re-
duces. This is due to the fact that given a large 7, the interference perceived by PUE be-
comes stronger. In addition, the probability that PBS’s power is insufficient for IS in-
creases, incurring an increase of IS’s infeasible probability. The gap between IS and SD-
IS under identical parameter setting increases as 77 grows, indicating that SD-IS becomes
more preferable as 7 increases. As Fig. 8 (b) shows, SE of IS overlaps with that of Adpt.
IS/SD-IS. This is because when £ 0.3, the power cost and performance loss of SD-IS are
more while its benefit is less, yielding IS’s SE to outperform SD-IS’s, and hence IS is
adopted with high probability.

Fig. 9 plots PUE’s SE of ZF (without SD), SD-ZF and their adaptation. As the
figure shows, SE performance is independent of 7. This is because the ZF filter is
determined only by the spatial feature of the interference perceived by PUE. As afore-
mentioned, the necessity of SD is dependent on the spatial correlation between the
disturbance and the principal eigenmode occupied by the desired transmission. Given
large ¢ (Fig. 9 (a)), SD-ZF outputs higher PUE’s SE than that under low £ (Fig. 9 (b)).
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Moreover, since the design of ZF filter is highly dependent on the value of £, SE curves
of ZF and Adpt. ZF/SD-ZF in Fig. 9 (b) exceed those in subplot (a).

Fig. 10 plots PUE’s SE of IS, SD-IS and their adaptation under > 0.7, 7 =2 and
various antenna configurations. For clarity, we use a general form [N, Ng, Nr,] to express
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Fig. 9. Spectral efficiency of PUE vs. SNR under ¢ > 0.7, { < 0.3 and different 7 with ZF
(without SD) and SD-ZF and their adaptation.
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the antenna configuration. As the figure shows, Adpt. IS/SD-IS outputs the best SE, which
implies that SD-IS should be properly adopted due to its superior performance to IS under
some transmission conditions. Fig. 10 (a) shows the influence of Ny, on PUE’s SE. As can
be seen, SE of all three methods grows as Ny increases. This is because large Ny, brings
more transmit diversity gain, yielding an increase of PUE’s SE. As Fig. 10 (b) shows, PUE’s
SE increases as Ng, grows. This is due to the fact that more receive diversity gain is intro-
duced by a large Ng,. In Fig. 10 (c), PUE’s SE is independent of Nr,. This is because the
interference from MBS to PUE is random, this property is irrelevant to the value of Ny,
Fig. 11 shows the system’s SE of SD-IA, SD-ZF, SD-IS, SD-ZFBF and their adapta-
tion (denoted by Adpt. X/SD-X) under Ny,=Ng,=Nr,=Ng,=2. Adpt. X/SD-X is shown to
output the highest SE. From the system’s point of view, given a small 7 (see in Fig. 11 (a)),
SD-IS is the best among the four candidate methods, whereas SD-IA and SD-ZF rank the
second and third, respectively. SD-ZFBF performs the worst. Provided with a large 7, SD-
IA is most preferable, then come SD-ZF and SD-IS. SD-ZFBF still yields the lowest SE.
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Fig. 11. System’ SE vs. SNR with various IM schemes.

8. CONCLUDING REMARKS

In this paper, we proposed and evaluated a novel interference management technique,
called signal dodging and interference guiding (SDIG) or Taichi. We first adjust the data
transmission from the principal eigenmode to the secondary one, so that the influence of
interference to the desired transmission can be partially avoided. Then, by combining with
existing (active) IM method, the disturbance can be further moved away from the desired
signal. This is similar to the idea of Taichi. Our in-depth simulation has shown that with
appropriate use of SD and selection of IG methods, both the interfered transmission pair’s
and the system’s SE can be significantly improved.
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