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Inside-Out Precoding to Manage Multiple
Interferences From the Same Source

Zhao Li"¥, Member, IEEE, Yujiao Bai, Kang G. Shin

and Hui Li

Abstract—With the continually increasing demand for higher
data rate and link density as well as better network coverage,
wireless networks, including 5G-enabled vehicular communication
network (VCN), will be designed/deployed to cover more overlap-
ping areas, experiencing more severe interferences. As a result,
interference becomes a key impediment to the improvement of net-
work performance, thus requiring a thorough investigation. There
have been numerous interference management (IM) methods, of
which interference alignment (IA) has been receiving significant
attention in recent years. IA compresses the dimension of interfer-
ence subspace by confining multiple interfering signals into a finite
subspace, so that the desired signal subspace may be maximized.
However, when IA is applied to the situation where multiple in-
terferences are from the same source, the interference subspace
cannot be compressed due to the fact that if these interfering
components are aligned in the same direction at their unintended
receiver (Rx), they will become indistinguishable at their desired
Rx. To solve this problem, we propose Inside-Out Precoding (10P).
With IOP, multiple data streams that may cause interference to the
other Rx are at first pre-processed at the interfering transmitter
(Tx), by employing an inner-precoder which makes the streams
spatially separable, and then, by exploiting interactions among
wireless signals, multiple interfering components are treated as an
effective interference to which an outer-precoder is applied, so that
multiple interferences can be compressed into one dimension at the
interfered Rx while making them distinguishable at their desired
Rx. We present two IOP realizations — forward I0P (F-IOP) and
backward I0P (B-IOP) — and propose a protocol to realize the
synchronization of processing parameters at the interfering Tx and
itsintended Rx so that the Rx can adapt itself to the precoding strat-
egy employed at the Tx side. Our in-depth analysis and simulation
results have shown that the proposed IOP can effectively manage
multiple interferences from the same source while guaranteeing the
performance of transmission from the interfering Tx to its intended
Rx.

Index Terms—Mobile communication, interference
management, signal processing, interference alignment, precoding.
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I. INTRODUCTION

HE 5 G network is expected to have many salient features

[1], such as ultra-high data rate, ultra-dense connectivity,
ultra-low latency, etc. In 5 G, vehicular communication network
(VCN) is one of the core application. The soaring number of
connected cars with Internet access, along with the emerging
vehicular mobile data services will altogether impose stringent
requirements toward its enabling technology solutions [2].
Recently, vehicle-to-everything (V2X) has been proposed as
a promising concept enabling diverse vehicular communica-
tion modes including vehicle-to-vehicle (V2V), vehicle-to-
pedestrian (V2P), vehicle-to-infrastructure (V2I), and etc [3].
In future vehicular networks, various types of V2X communi-
cations co-exist and may share the same wireless medium for
data transmissions, hence incurring complicated interference
situation. Moreover, a vehicular network with road side units
(RSUs) provides an efficient way to connect vehicles even
on the move [4], however, full network coverage implies that
overlapping among adjacent RSUs becomes inevitable.

While searching for new technologies to meet the continually
increasing demands for various wireless applications in 5G-
enabled VCN, interference management (IM) has become key to
the improvement of network performance [5] and thus deserves
a thorough investigation. For example, the authors of [6] studied
the deployment of device-to-device (D2D)-enabled wireless net-
works with unmanned aerial vehicles (UAVs) in remote, rural,
and disaster affected areas where cellular infrastructures are
unavailable or inadequate. They argued that in such areas the al-
location of radio channels to the UAV nodes and user terminals is
challenging due to the number of orthogonal channels is limited
and using overlapping channels in adjacent nodes leads to severe
interference. Therefore, a distributed anti-coordination game
based partially overlapping channel (AC-POCA) assignment
algorithm was proposed to solve the above problem. In [7], deep
learning was employed in the design of traffic load and conges-
tion prediction and intelligent channel assignment algorithms,
so that interference can be properly controlled while improving
the network performance. The authors of [8] proposed a joint
Tx and Rx design to combat inter-symbol interference (ISI) in
frequency selective fading channel based on an approximate
maximum likelihood decision feedback equalizer. The authors
of [9] suggested that machine learning (ML) can be a powerful
tool for channel assignment and interference management in 6 G
networks.


https://orcid.org/0000-0001-8310-7169
https://orcid.org/0000-0003-0086-8777
https://orcid.org/0000-0002-9697-2108
https://orcid.org/0000-0001-8310-7169
mailto:zli@xidian.edu.cn
mailto:zyan@xidian.edu.cn
mailto:lihui@mail.xidian.edu.cn
mailto:yjbai1990@gmail.com
mailto:kgshin@umich.edu

The existing IM methods can be grouped in two types. The
first type is featured as the interfered receiver (Rx) or/and its
associated transmitter (Tx) side implementation, including zero-
forcing (ZF) reception, interference neutralization (IN) [10],
[11], interference steering (IS) [12], etc. The second type is
characterized by the interfering Tx side implementation, such as
zero-forcing beamforming (ZFBF) [13] and interference align-
ment (IA)' [16]-[22].

Of these methods, IN and IS have been under development in
recent years [10]-[12]. IN strives to properly combine signals
arriving through various paths in such a way that the interfering
signals are canceled while the desired signals are preserved at
the Rx [10], [11]. Although IN can mitigate interference, the
power overhead of generating neutralizing signal(s) degrades
the system performance as well [11]. Under IS, a steering signal
is generated to modify the propagation of interference, so that
the original interference is steered in the orthogonal direction
of the desired transmission at the interfered Rx. Compared
to IN, IS focuses on the cancellation of the effective part of
interference, thus becoming more power-efficient [12], but an
additional spatial DoF is required to place the steered interfer-
ence. In [12], IS was proposed in Internet-of-Things (IoT) to
address the interference problem. It has been demonstrated that
IS can substantially improve network spectral efficiency (SE)
over existing IM schemes.

However, as for the realization of IN and IS, the interfered
Tx which is associated with the interfered Rx needs to know
the interference information including both the channel state
information (CSI) from the interfering Tx to the interfered
Rx and the data information carried in the interference. Such
information requires high-level cooperation between the inter-
fering and interfered Txs, incurring the algorithm complex-
ity and the signaling overhead. Besides, both IN and IS are
interfered-Tx-based IM, and it is, in practice, unfair to make
the interfered transmission pair responsible for all of IM, since
IM will incur some “cost” such as power [10], [11] and DoF [12]
consumption which leads to communication performance loss,
especially when the interfered transmission pair has the same or
higher priority than the interfering Tx. Therefore, the interferer
is amenable to more or less IM responsibility.

As for the interfering Tx side IM, [13] has shown that ZFBF
strategy used in multiple-input multiple-output (MIMO) broad-
cast channel (BC), while generally suboptimal, can achieve the
same asymptotic sum capacity as that of dirty paper coding
(DPC), as the number of users goes to infinity. However, for
ZFBF, the DoF requirement is determined by the total number
of desired signals and interference, i.e., each interfering signal
component consumes one DoF [12]. Compared to ZFBF, 1A
has been shown to be able to achieve the information-theoretic
maximum DoFs in some interference networks [16], [17], and is
thus regarded as a promising IM method. With IA, interference
is adjusted at the interfering source so that multiple interfering

I'Since many practical systems are equipped with multiple antennas which has
been known to greatly increase the degrees of freedom (DoFs) of communication
systems [14], in this work we consider the realization of IA in multi-antenna
systems without requiring symbol extensions over very large number of time-
frequency dimensions [15].

signals are mapped into a finite subspace, i.e., the overall inter-
ference space at the unintended destination/Rx is minimized,
while the desired signal(s) may be sent through a subspace
without attenuation [18]. IA has been under extensive study and
development since it was systematized in [16]. Existing studies
have shown that IA can be applied to various communication
environments, such as cellular networks [19], [20] and wireless
relays [21], [23]. In [19], an IA-based coordinated beamforming
was proposed to improve the downlink performance of multi-
ple cell-edge users in multi-user MIMO systems. In [20], an
IA-based uplink IM for two-tier cellular systems was proposed.
[21] proposed a pair-aware IA to achieve interference alignment
in a multi-user two-way relay network. [23] investigated the
DoF for the fully-connected M -user interference channel (IC)
in static environments with the help of a MIMO relay. The
relay stores the received signal during the first time-slot and
sends a linearly-transformed version over the next time-slot.
Using this scheme, it has been shown that IA can be achieved
with much less complexity. In addition to designing IA individ-
ually/separately, combining IA with other methods generates
many new methods and makes further performance improve-
ments. [24] presented interference alignment and cancellation
(IAC) for decoding concurrent sender-receiver pairs in MIMO
networks and showed that the combination applies to scenarios
where neither interference alignment nor cancellation applies
alone. In [25], interference alignment and neutralization (IAN)
based coordinated multi-point (CoMP) was proposed. Effective
interference cancellation and suppression can be achieved by
exploiting limited and flexible collaboration at the base station
(BS) side.

Although ITA has been regarded as a promising method and
under development for many years, it has been shown that the
feasibility of IA is highly dependent on system parameters, such
as the numbers of Txs and Rxs, configuration of transmit/receive
antennas, and so on [ 18]. Moreover, when multiple interferences
are from one identical Tx, traditional IA may become inapplica-
ble [5]. Thatis, if the interfering signals originated from the same
source and intended to the same Rx are aligned in one direction
at an unintended Rx, they will also overlap with each other at
their common destination, thus becoming indistinguishable.

To remedy this deficiency of IA, we propose Inside-Out
Precoding (I0P) to manage multiple interfering signals from
the same source. First, we argue that the goal of IM is lim-
iting the effect of interference rather than managing individ-
ual interferences. Following this argument, the dimension of
interference to be managed is reduced to 1 regardless of the
number of interference signals. Then, by employing inner and
outer precoders, multiple interfering signals are aligned in the
orthogonal subspace with respect to the interfered transmission;
these pre-processed signals can still be distinguished at their
intended Rx. The proposed IOP is implemented at the interfering
Tx and consumes only one DoF at the interfered Rx, while
the interfered transmission pair need not any modification, thus
facilitating the deployment of IOP.

The contributions of this paper are three-fold:

® A new finding that IM is limiting the effect of interfer-

ence perceived by the interfered Rx, rather than managing



Fig. 1. System model.

individual interference. By exploiting inter-relationship of
transmitted symbols carried by multiple interfering signals,
the dimension of interference to be managed is reduced to
1 regardless of the number of interferences.

® Proposal of Inside-Out Precoding (I0P) to manage multi-
ple interferences from the same source. An inner-precoder
is employed to distinguish multiple signals at their in-
tended Rx, while an outer-precoder is designed to align
the overall interfering effect of these signals in the orthog-
onal subspace with respect to the unintended Rx’s desired
transmission.

¢ Development of two IOP implementations — forward IOP

(F-IOP) and backward IOP (B-IOP) — as well as a protocol
to achieve the synchronization of processing parameters at
the interfering Tx and its intended Rx so that the Rx can
adapt itself to the precoding strategy employed by the Tx.
With the proposed schemes, the interferer’s transmission
performance can be well guaranteed while avoiding inter-
ference to the intended Rx.

The rest of this paper is organized as follows. Section II
describes the system model, while Section III details the for-
ward IOP scheme. Section IV presents the backward IOP and
Section V provides a protocol to facilitate the reception of the
interfering Tx—Rx pair. Section VI evaluates the performance of
the proposed schemes. Finally, Section VII concludes the paper.

In the rest of this paper, we will 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. Let X', X and X~! denote the transpose, Hermitian,
and inverse of matrix X, respectively. || - || and | - | indicate the
Euclidean norm and the absolute value. E(-) denotes statisti-
cal expectation and (a, b) represents the inner product of two
vectors.

II. SYSTEM MODEL

We consider the Z-interference channel (ZIC) [26] as shown
in Fig. 1 with two communication pairs, one Rx (i.e., vehicle)
of which suffers interference from an unintended Tx (i.e., RSU
or other infrastructures) while the other Rx is free from inter-
ference. Tx; and Rx; (transmitter/receiver indexed by ¢ = 0, 1)
are equipped with Np, and Np, antennas, respectively. The
transmit power of Tx; is Pr. Without loss of generality, we
let transmission from Tx; to Rx; interfere with that from Tx
to Rxg, while Rx; is free from interference [27]. The data-
transmission channel matrix from Tx; to Rx; is denoted as
H; € CNr*N7; and the interference channel matrix from Tx;
to Rxo is represented by Hjp € CV&*N7i, We use a spatially

uncorrelated Rayleigh flat fading channel model to model the
elements of these two 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 within a block consisting of
several successive time slots and vary randomly over successive
blocks. Each user can accurately estimate CSI with respect to its
intended and unintended Txs and feed it back to the associated
Tx via alow-rate, error-free link. We assume reliable links for the
delivery of CSI and signaling. The delivery delay is negligible
compared to the time scale on which the channel state varies.

We employ Xo=[z" - a{™ .. 2T and X, =
[m%l) o gl® (K)]T to denote the transmit data vectors
(m) (k)

ml .« .. xl
from Txo and Tx; where 2, and x|’ represent the m™ and k™

symbols in X and X, respectively. E(Hmom) |I>) = Pr/M and

(||x§k)|| ) = Pr/K hold. We assume M + K > Np, where
ZF reception and IA are not applicable due to the lack of DoFs
at Rx. For clarity of exposition, our design begins with N, >
K >1,Ngp, > K >1,and Ny, > M = 1,and Np, = M + 1,
i.e., Tx; employs spatial multiplexing (SM) to transmit K > 1
data streams to Rx; causing multiple interferences to Rx(, while
Txo adopts beamforming (BF) to send a single (M = 1) data
stream to Rx.

III. DESIGN OF INSIDE-OUT PRECODING

This section elaborates on the design of IOP. We first state
the goal of IM for managing the effect of interference on the
interfered Rx, not individual interferences. We then detail the
design of inner and outer precoders consisting IOP.

A. Management of Interference Effect

Based on the system model given in Fig. 1, the received signals
at Rx( and Rx; can be expressed by Eqs. (1) and (2) as:

= Hop z; + Hig Zp““) ()
K
yi=H > p’z{ +n @)
k=1

The first terms on the right-hand-side (RHS) of the above
equations represent the desired signals for Rxg and Rxj, re-
spectively. The second term on the RHS of Eq. (1) denotes
(CNTOXI and p(k (CNT1 x1
(1

the interference from Tx;. p

where k = 1,2,..., K, are the precoding vectors for data
and x( ) at Txp and Txl , respectively. For simplicity, we define
P, [p(” p? - pl™)] n; € CVrX1 (=0, 1) is additive

white Gaussian noise (AWGN) vector whose elements have
zero-mean and variance o-. E(nnf) =1 Ng, holds, where
Ing, isan Ng, X Ng, identity matrlx

Sinceweset Ny, > 1, Np, =M + 1, K > land M = 1,the
lack of DoF at Rxy makes ZF and IA inapplicable. Especially
for IA, if we adjust K signals at Tx; so as to align them
in the same direction at Rx, these pre-processed signals will
become indistinguishable at their intended receiver, Rx;. That



is, transmission from Tx; to Rx; is completely sacrificed for the
IM.

Based on the above analysis, insufficient DoF at the interfered
Rx is a key limitation for the applicability of IM. We may
either increase the supply of DoF at Rx or reduce the DoF
requirement of IM. However, the former will impose hardware
and complexity burdens on the Rx, especially for the downlink
transmission, but mobile stations always have rigid restrictions
on the equipment size, cost, etc. So, we present a novel idea of
IM — managing the overall effect of interferences instead of
managing them individually.

To elaborate the above idea, we explore the inter-relationship
of transmitted symbols carried by K interfering signals. For
clarity of exposition, we assume all the interfering signals
are generated using the same modulation scheme. Let S =
{s1,82,...,51} denote the symbol set. The size of S is
card(S) = L where card(-) represents the cardinality of set .S,
and L indicates the modulation order. Since each element in
S can be represented by its amplitude and phase, we take an
arbitrary symbol in S, say, s; (I € {1,2,..., L}), as an example.
s; can be expressed as s; = a;e?% where a; and 6; denote s;’s

amplitude and phase, respectively.

) e S, ie., xgk):

aze’ 9. Without loss of generality, we take xgk) as the referential

Let us define the transmitted symbol x

symbol, then all the other symbols x&k) (ke{l,2,....K},k+#
k) can be expressed in terms of mgk) as
o} = RO = bl )
ag
where b, ; = aei(01-67) ()] € {1,2,...,L} and lA7é 1). Note

that when [ = [ ,we have b, ; = 1. Then the interference term in
Eq. (1) becomes:

i® = OZP

K
o = Ho Y pPbgad. @)

By defining p. = Y1, p(k)bkk and z, = :cgk), and substi-
tuting p. and z. into Eq. (1), we can have:
yo = Hop{z§" + Hiopez, + ny. 5)

From Eq. (5) one can see that by exploiting the interac-
tions among multiple signals, the dimension of interference
to be managed is reduced to 1 regardless of the number of
interfering components. This is consistent with the intuitive
that in the design of IM, one should focus on the influence of
interference on the interfered Rx rather than individual interfer-
ences. However, existing IM strategies focus on how to manage
individual interferences, hence incurring more IM overhead,
implementation complexity, and stricter application constraints
in multi-interference scenarios.

B. Design of Inner-Precoder

We employ P;= [pgl) p?z) psK)] where K <

min(Np,, Ng,), as the inner-precoder for X;. The design
objective of P is to distinguish various data transmissions at

Rx;. There have been numerous precoding schemes to achieve
this goal. For simplicity, we employ the precoding based
on singular value decomposition (SVD), a commonly used
pre-processing method in MIMO communications.

Applying SVD to H;, we have H1 U, 3, VH where U; =
[uil) uiz) uENR‘ ] and V| = [v, ) (2) VENTI)] are the
right and left singular matrices. 21 1s an Npg, x N, diag-
onal matrix whose non-zero main diagonal elements, a.k.a.,
non-zero singular values of H;, denote the amplitude gain of

(k) (k) where k& =

=Vj,ie, pg )—vik),

spatial sub-channels characterized by v," and u,

1,2,...,min(Nrp, Ng,). We adopt P,
as the inner precoder.

C. Design of Outer-Precoder

We now detail the design of outer-precoder, denoted by
G, € CNn <Nt By applying G, to the equivalent interference
i®) given in Eq. (4), we must achieve two goals: 1) the effective
interference i is adjusted to the orthogonal subspace with re-
spect to the transmission from Txg to Rxg, and 2) multiple signals
sent from Tx are distinguishable at their intended receiver Rx;.

By employing inner and outer precoders, i.e., P; and G., we
can rewrite Eqgs. (5) and (2) as:

= Hopy ) + HioGpew. + o, (©6)

Y1 = H1Gepexe + n (7)

where p, = Zk 1pl "y wiandb, ;. = zlk)/x(k) Te = xik) and

( ) represents for the referential symbol.
G should satisfy the following two conditions,
{ Hop(()l) 1 Hj0G.p. ®
<eH1Gep§l)’eH1ch§k)> < ﬁ
_ _HG.p{"

where l,k/’ S {],2 ce K} and [ 7& k. eHlGep(l) = m

and eu.q. p(k) = HH;Gijij")H indicate the signatures of signals

carrying xl ) and x%k), respectively. 8 € (0, 1). The smaller 3
is, unit vectors eH]Gepfl) and eH]Gﬂp](k) are less correlated.

The first equation of Eq. (8) is employed to design G, so that
the equivalent interference i®) = H,yG.p. can be adjusted to
be orthogonal to the desired signal at Rxp; while the second
equation is used to guarantee the signal components causing
interference to Rx are distinguishable at their intended receiver,
Rx;. The first equation of Eq. (8) can be simplified as:

H(Gepe = ad 9

where d | is a unit vector denoting the orthogonal direction with
respect to the signature of the transmission from Txy to Rxy,
and « is a complex coefficient indicating that the vectors on
both sides of the equation are in the same direction but scalable
modules. It should be noticed that the design of IOP can be
easily extended to the case of M > 1. In this situation, we

only need to substitute Hopél) in the first equation of Eq. (8)



with the expression of the subspace spanned by the M desired
transmissions.

Next, we detail the calculation of G.. By left-multiplying
by H,, at both sides of Eq. (9) and employing b = H,/d, =
M 52 ... p(NT)IT 'Eq. (10) can be obtained as:

Gepe =ab (10)
gél]) 9212) gélNTl)
g£2]) ggzz) g§2NT1)
where  Ge=[ ] and p.=
géNTll) géNle) gNTlNTl)
" p@ .. pN T

Note that if H is not square matrix, Hl_o1 should be replaced
by Hjo’s pseudo inverse H];O = (HfIH,o) "Hf]. That is, IOP
is applicable under Ny < Npg,. By applying elementary row
operations, Eq. (10) can be rewritten as:

P T, +- p T (@) ()T = ab
1D
where [p"Ty,, - pt Iy, ] and [(g8)7 -+ (877
are coefficient matrix and solution vector of Eq. (11), respec-
tively. I N, is an Ny, x Ny identity matrix, and gff) where
i=1,2,..., Nz, denotes the i column of G..

Eq. (11) is a complex matrix equation. Its solution vector can
be calculated based on Theorem 1.

Theorem 1 ([28]): For a complex non-homogeneous matrix
equation Ax = b where A € C™*" and b € C™*!. The nec-
essary and sufficient condition that the solution for x exists is
AAMDb = bholds. Insuchacase,x = ADb + [T - ADAJk
(k € C"*!) where A() satisfies AA(DA = A.

For clarity of exposition, we take N7, = Nr, = Np, = K =
2 as an example to solve Eq. (11). Then, we can get:

ab® — G)p?
(1
€

ab® — k@ p?

(3
G. = (12)
L)

)

where k = [k k) £®) E®]T_ Since k() and k) are elim-
inated as Eq. (12) shows, G, is independent of these two
complex coefficients when G, is derived. Therefore, we can
write k = [ — kG k@7 or k = [k®) 1T for short.
Similarly, we can have G, under N7, = 3,4, ... as well. For
simplicity, we do not show the results here. Then, by using

mathematical induction, we can obtain a general solution for
G, given by Eq. (13), shown at the bottom of this page.

Based on the above discussion, G, is dependent on the
selection of k. It should be noticed that in Eq. (13) k =
kM - kN N+ NEIT However, as k() k),

, and k1) are eliminated in the derivation of G., k
can be written as k = [— --- — k(NnitD ... k(Nle)]T ork =
[kNm+D) .. NV, )]T for short. In what follows, we will elab-
orate on the selection of proper solutions for G. by taking the
second equation of Eq. (8) into account. Before delving into
details, we first provide two claims.

Claim I: The design of G, should satisfy rank(G.) = K
where K is the number of desired signals from Tx; to Rx;.
Otherwise, if rank(G.) < K, Rx; will not be able to distinguish
K signal components.

See the proof of Claim 1 in Appendix A.

Taking N7, = Nr, = Nr, = K = 2 as an example, when
we set k() =k® =0, rank(G.) =1 is obtained. Then,
rank(H;G.P;) < rank(G.) = I holds where rank(P,) = K.
That s, the spatial signatures of the signals carrying a:? Y and x%z)
are linearly correlated (overlapping with each other in this case),
and hence they cannot be de-correlated at their intended receiver.
Given 1 < rank(G.) < K, at most rank(G.) data streams can
be de-correlated at Rx;.

Claim 2: The design of G, should satisfy that
‘<eH1Gep§l)’eH1G€p§k)>| is as close to O as possible
where [, ke {l,2,...,K} and [#k. Otherwise, if

e e ~ 1, severe desired signal’s power
K H,G.p" H,G€p§’“>>| > g p

loss will be incurred when eliminating interference from the
transmission of xgl) (or xgk)) to that of the other, i.e., xgk) (or
x(l)).

1

See the proof of Claim 2 in Appendix B.

Based on the above discussion, upon obtaining a particular
solution of G, that satisfies the first equation in Eq. (8), we
should verify its validity in terms of Claims I and 2, so that good
transmission performance of Tx;—Rx; pair can be guaranteed.

In summary, we provide an algorithm below to show the
processing of the proposed IOP.

Fig. 2 plots spatial spectrums of various signals at Rxo and Rx;
to show the feasibility of IOP. We set Ny = Ng, = Ng, = 2
and let Txy, the interfering transmitter, send K = 2 data streams
to Rx;, causing interference to Rxy. Tx; employs BPSK mod-
ulation. The inner precoder P; = V| where V; is the right
singular matrix of H;. The center frequency of input signal is
fo = 2.4 GHz, the antenna-element spacing is a half of the signal
wavelength, and the signal to noise ratio (SNR) of each signal

ab®) T R GNTy ) (i)

T k(NT1+1) k(ZNT1+1) k.(NTlfl)NTl+1
pe
Ny =1 (N 42) (i41)
ab® -3, ) (ff)l N pe L(NT,+2) L(2NT, +2) (N7, —1)Nr, +2
G, = Pe (13)
(Np.) Ny =1 (iNp +Np ) (i+1)
ab 50 (IT) N pe Je(N1y+N1y)  .(2N1 +Nry) Je (N7 —=1) N + N,
L Pe m




Algortim 1:

1:  Rxq estimates Hy and H,(, Rx; estimates H;. Then,
Rxq and Rx; feed back CSI to their associated Txs,
respectively. Txq shares Hy and H ;o with Tx;.

2:  Tx; determines inner precoder P (e.g., in terms of
certain precoding schemes such as SVD based
pre-processing).

3:  Tx; calculates p. based on Py, and substitutes p. into
Eq. (13) to obtain general solution for G, with
unknown parameters « and k.

4: Tx; randomly generates « and k, and substitutes them
into the general solution for G, to obtain particular
solution for G..

5: Ifrank(G.) = K, execute Step 6;

Else return to Step 4.
6: Forl=1to K do
For k = 1to K do
If | # k, calculate pj, = |(e
at TXl 5
If p;. > 3, break and return to Step 4;
Else;.
Else;.
End For
End For
Execute Step 7.
7:  Tx; employs P and G, to perform precoding for X;.

#,G.pl CrG,p)|

is 20 dB. We first employ the MUSIC (MUltiple SIgnal Clas-
sification) algorithm to estimate DoA (Direction of Arrival) of
each signal. Then, we reconstruct the spatial spectrum of signal
components observed at the receiver. For ease of comparison,
we also plot signal transmission via the second eigenmode of
H,, which is orthogonal to the desired signal of Rxy occupying
the principal eigenmode.

As Fig. 2(a) shows, the effect (carrying data z. which can be

either xgl) or xgz)) of the two interfering components (carrying

xgl) and xgz) , respectively) is adjusted to the second eigenmode
of Hy by applying IOP at Tx;. That is, the pre-processed effect
of the two interferences at Rxy is orthogonal to the desired
transmission from Tx to it. In Fig. 2(b), two precoded desired
signals at Rx; are spatially distinguishable. Therefore, according
to Fig. 2, the use of IOP satisfies the conditions given by Egs. (8)

and (9).

IV. DESIGN OF BACKWARD IOP

From the design of outer-precoder given in Section III-C, one
can see that if an inappropriate k is adopted (see in Eq. (13)),
an infeasible G not satisfying Claim 1 or 2 may result. In such
a case, we need to select another k and then verify the validity
of the particular solution for G, in terms of Claims 1 and 2.
Moreover, in terms of the proof of Claim 2, when either ¢y — 0
or e, — 0, HlGepEI) ~ HlGepgz) holds. In such a case, no
matter what values k), k) and « are taken, signatures of
the two precoded signals are close to each other, thus incurring
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Fig. 2. Spatial spectrums of different signals. (a) Spatial spectrums at Rxg.
(b) Spatial spectrums at Rx;.

severe desired signal’s power loss while eliminating mutual in-
terference. So, IOP is not suitable for such channel realizations.

In order to solve this problem, we propose a Backward IOP
(B-IOP) realization in this section (we call the scheme presented
in Section III-C the Forward IOP (F-10P)). With B-IOP, Tx first
selects a matrix C; (codeword indexed by %) from the codebook
configured in it as the design target of the cascaded precoding
matrix G.P;, where G, and P, satisfies the first equation in
Eqg. (8). In practice, the codeword can be chosen to match H;
as much as possible, so as to yield the maximum SE of the
interfering Tx—Rx pair. Next, a general solution for G, with
unknown parameters «, k and p. is obtained similarly to the
derivation of Eq. (13). Finally, G. and P, are solved in terms
of Eq. (15) as:

G.P, =C,. (14)

Then, we substitute Eq. (12) in (14) to get a new equation
where p. is still unknown. By solving such an equation with
certain iterative algorithms [29], both G, and P, can be ob-
tained.

Let’s consider N7y = N, = N, = K = 2 as an example,
to obtain G, and P, by using B-IOP. Then, we get Eq. (15) as:

ab(”—(]?;})sz) KO 00,02
GPi= | o, [;21) p;zz) =C;. (15
- m 1

P

JAC))

o0



Let Tx; employ BPSK for data transmissions. Without loss of
generality, we assume z(!) = 1 and xiz) = —1,and z(V is taken
as the referential symbol. In Eq. (15), b") and b are known pa-

rameters, determined by Hy and H ;¢ whereas pﬁ“), pgn), p§21>,
) _

. 9 ana 2 20 o
pgl) — pgz) = p. holds, we substitute pgll) = pél) —i—pslz) and
pszl) = pgz) +p§22) into Eq. (15), so that the number of un-
knowns is reduced to 4. Therefore, exact solutions for these four
unknowns (the equations obtained from Eq. (15) are consis-
tent) or the least-square solutions (the equations obtained from
Eq. (15) are inconsistent) can be obtained.

Next, we adopt C, = %[jl _lj] which is in the codebook for
transmission on two antenna ports in [30], as an example to show

the calculation of P; and G, using B-IOP. By defining p; =

are unknowns. Since p

b _® p® ab® _® p@
Tty iy = el s = ROp{, and
s = k(“)pgzz), Eq. (15) can be rewritten as:
(L 0]
1 01 0 1251 2 1
LoLol el |
01 0 1] |ps Ej_oéb(Z)
0 1 0 1] [pa 1.
L 77 ]

By applying the elementary row transformation on the aug-
mented matrix of Eq. (16), we can have:

1 010 %—ab(l)
b
q_|0 000 la an
01 0 1 Ej—ab(2>
00 0 0 —j+ad?

Since the rank of the coefficient matrix in Eq. (16) is 2, while
rank(€2) =4 > 2, Eq. (16) is inconsistent. Therefore, no exact
solution for Eq. (16) exists. To obtain the least-square solution
for Eq. (16), we can apply Theorem 2 as follows.

Theorem 2 ([28]): Given a non-homogeneous linear equa-
tion set Ax = b, where A € C™*" and b € C"*! are both
known, and x € C™*! is to be solved. The necessary and suffi-
cient condition that x is the least square solution for Ax = b is
that x is the solution for the equation set A# Ax = Afb.

Then, the inner and outer precoders can be calculated as:

(12)

E®) (i b@ —p(YT QP 12 12
. {b(l), #EZEMW’}‘Q» )} I
1= 1 )
Flp) _p| [FLp@ _ 10) K3
a{mb b Mzk k +k(3) e
(18)
and
ﬁ 13
G.= |7} (19)
fe JAC))
Py
where p!'?, a, k@, k® d i
P, Q, , , 13 and py4 can take various values,

(22)

yielding different P; and G.. Recall that p3 = k(3)pl and

@ : Satisfying the 1 equation in Eq. (8)
@ : Satisfying Eq. (14)

Fig. 3. Comparison of F-IOP and B-IOP. (a) F-IOP. (b) B-IOP.

gy = k(“)pgm, in the selection of 3 and jus, k@ py = k@ ps
should be satisfied. The transmission performance of Tx;—Rx
pair is independent of the value of p{'®. It should be noted that
some values of k) and k™ may incur nonexistence of least
square solutions for Eq. (15), e.g., when we set k() = k() =
0, Eq. (15) becomes an inconsistent homogeneous equation, in
such a case neither precise nor least-square solutions for Eq. (15)
exist. Therefore, to avoid this situation, we can change k, or E®
and k™ in this example, until satisfactory P and G, are found.

Both F-IOP and B-IOP are based on the same principle
adopting which of the inner (P ) and outer (G.) precoders can
be obtained to differentiate multiple signals at their intended Rx
while adjusting the overall effect of these signal components
on the unintended Rx. However, the calculation of inner and
outer precoders with the two IOP implementations is different.
For F-IOP, P, is determined first, then the general solution for
G, is obtained, and finally a particular G, is selected out of all
candidates. For B-IOP, it is codebook-aided with more weight
on the performance of interfering transmission pair. With this
scheme, a codeword, say C;, is first selected from the codebook
as the design target of G.P, and then P; and G. can be
obtained by solving the equation G.P; = C; simultaneously.
Note that with B-IOP, the selected codeword C; only provides
a frame for the design of inner and outer precoders. Within
this frame, there may exist various combinations of P; and
G. satisfying Eq. (8), but we only adopt the one in accordance
with the least-square criterion. That is, C; cannot be employed
directly as the precoder for X, instead of G.P/, unless exact
solutions for P and G, of the equation G. P = C; exist.

We use Fig. 3 to illustrate the difference of F-IOP and B-IOP.
As the figure shows, with F-IOP, P, is fixed, while there are
multiple solutions for G, as long as the first equation in Eq. (8)
is satisfied. The quality of solution, i.e., the spectral efficiency
(SE) of Tx;—Rx; pair, is determined by the values of « and k.
As for B-IOP, both P and G, are flexible. Although there are
multiple {P, G.} combinations satisfying the first equation in
Eq. (8), only one, denoted by {P, ., G, .} that mostly matches
the frame determined by C; is selected, i.e., {P ., G .} =
argmingp, . a. . }.n=12 |Ci — GenP1 ., | where nis the in-
dex of the n'" B-IOP solution.

Based on the above discussions, B-IOP can be adopted as a
supplementary of F-IOP.

Fig. 4 plots spatial spectrums of different signals at Rx, and
Rx; with various IOP realizations. The experimental setup is
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Fig. 4. Spatial spectrums of different signals with various IOP implementa-
tions. (a) Spatial spectrums at Rxo with F-IOP. (b) Spatial spectrums at Rx( with
B-IOP. (¢) Spatial spectrums at Rx;.

identical to that of Fig. 2. Fig. 4(a) and (b) show the spatial
spectrums perceived by Rxy with F-IOP and B-1OP. The desired

signal of Rx( carrying x((]l) is shown to occupy the principal

eigenmode of Hy, which is interfered with by the interfer-
ing signals from Tx;, carrying x?l) and x?z), respectively. By
applying F-IOP (Fig. 4(a)) or B-IOP (Fig. 4(b)) at Tx, the
effective interference carrying x. which can be either x%l) or
a:52) is adjusted to the second eigenmode of Hj. Therefore,
the precoded effective interference is orthogonal to the desired
transmission at Rx(, i.e., both F-IOP and B-IOP can avoid
interference to Rxy. Fig. 4(c) plots the spatial spectrums of the

signals pre-processed with F-IOP and B-IOP, respectively, at the

intended Rx;. The two signals precoded with F-IOP are shown
to overlap with each other, and thus cannot be distinguished by
their destination, Rx;; whereas for B-IOP, the precoded signals
are separable. In summary, in some situations the use of F-IOP
may not be able to avoid interference to the unintended Rx
while guaranteeing the interfering Tx—Rx pair’s transmission
performance. In such a case, B-IOP can be employed to manage
multiple interferences from the same source.

V. DESIGN OF RECEPTION OF INTERFERING TX—RX PAIR

From the previous design of IOP, we can see that the inner and
outer precoders of both F-IOP and B-IOP rely on not only the
channel status but also the transmitted symbols and the values
of parameter vector (k,a). Therefore, the intended Rx with
respect to the interfering Tx cannot determine its receive filter
without the knowledge of (k,«) and the symbol information
at the Tx side. We will thus propose a protocol to realize the
synchronization of processing parameters at the interfering Tx
and its intended Rx so that the Rx can adapt itself to the precoding
strategy employed by the Tx.

Before presenting this reception design, we will first detail
the block fading channel model mentioned in Section II. Based
on this assumption, the synchronization between the interfering
Tx and its Rx can be realized block by block.

The coherence time, denoted by 7., indicates the maximum
length of time during which the channel remains unchanged.
7. is approximately equal to the reciprocal of the maximum
Doppler shift f,,, where f,, = “—f" v denotes the user’s speed
and can be taken 3 km/h — 20 km/h [30]. f, and c are the carrier
frequency and speed of light, respectively. According to the LTE
frequency allocation, we take fy = 2.6 GHz [30]. Moreover, we
take the length of a time-slot as 75, = 0.5 ms [31]. So, we can
have f,, ~ 7.2 Hz— 48 Hz and 7. ~ 21 ms — 139 ms, hence
T, contains % ~ 42 — 277 time slots. In this paper, we assume
the length of a block is approximately the same with that of
the coherence time, and in the evaluation part we let a block
contain 100 time slots (= 50 ms). Based on the above model,
the interfering Tx and its intended Rx can operate with a period
of the block-length. Parameter synchronization, as well as Rx
side channel estimation and feedback to the associated Tx, are
realized at the beginning of each block/cycle. After synchro-
nization has been established, data transmission/reception of
the interfering Tx—Rx pair can be carried out. However, provided
with higher user’s speed, e.g., 80 km/h — 120 km/h, we can have
fm =~ 192.6 Hz — 288.9 Hz and 7, ~ 3.5 ms — 5.2 ms under
fo = 2.6 GHz. Then, the number of time slots a block contains
reduces to ;—; ~ 7 — 10. In such a case, the variation of channel
status becomes faster, yielding more stringent requirement for
the timeliness of the abovementioned processing in a block.

First, we define data structures maintained at the interfering
Tx and its intended Rx (referred to as interfering Rx for sim-
plicity), respectively, as given in Fig. 5. For simplicity, we take
BPSK and K = 2 as an example. Without loss of generality,
we let the first transmitted symbol be the referential symbol as
discussed in Section III-A.



Transmitted symbols CSI (k,,Flag) PMI Count
(1,1 or (=1,-1) Initial value 0
HO’HIO’HI .. f(HI)
(1,-1)or (-1,1) Initial value 0
(a)
Transmitted symbols CSI (k,,Flag) PMI
(L) or (—1,-1) TBD
H,H,,.H, f(H))

(1,-1)or(-1,1) TBD

(b)

Fig.5. Datastructures maintained at the interfering Tx—Rx pair. (a) Interfering
Tx side. (b) Interfering Rx side.

When BPSK is employed and there are K = 2 interferences,
four symbol combinations exist in the first column of Fig. 5.
However, since the processing of symbol combinations (1,1)
and (—1,—1), as well as (1, —1) and (—1, 1), are the same, the
number of items of the structures can be reduced by a factor of
1/2 [32]. According to Fig. 1, Rx, estimates Hy and H,, and
then feeds them back to Txq, Tx( shares this information with
Tx;. In addition, Tx; obtains H; from Rx;’s estimation. So,
Hy, Hyp and H, are filled in the CSI field of Fig. 5(a). Then, the
interfering Tx; can use this information for determining inner
and outer precoders. Moreover, Tx; should send Rx; Hj and
H,( for calculation of the receive filter that can be referred to
Egs. (8) and (20) and the related discussions therein. Thus, the
CSI field of Fig. 5(b) is identical to that of Fig. 5(a). In the third
column of Fig. 5, the Flag is initialized to be True, indicating
F-IOP is the default method. When Flag is set to False, B-IOP
is adopted to determine G..

The interfering Tx determines initial value of (k,«) for
each transmitted symbol combination based on the description
in Section III-C, and sets a counter for each row/item in the
structure which is initialized to be 0 as shown in the last column
in Fig. 5(a).

As discussed in Section III-C and the first paragraph in
Section IV, we may need to attempt several times so as to obtain
an appropriate k yielding feasible G, with F-IOP, satisfying
Claims 1 and 2, or even worse, under some channel realizations,
F-IOP may be unavailable for any value of (k,«). In such a
case, we need to set a counter for each row of Fig. 5(a). When
the counter exceeds a preset threshold, say ¢, ande.g., » = 5, we
simply switch off F-IOP and adopt B-IOP. So that the timeliness
of the proposed scheme can be guaranteed.

The (k,«) field at the Rx side is marked as TBD (To Be
Determined) at the beginning of the synchronization phase, then
it will be filled with the (k, «) value sent from the interfering
Tx. In theory, the initial value of (k, «) can be arbitrary, but
we find from a numerical simulation that under the system
configurations of BPSK and two interferences, setting (k, ) =

(-0 %]T, 1), i.e., the outer precoder is a diagonal matrix,

canyield higher spectral efficiency of the interfering Tx—Rx pair
than that under other values of (k, ). So, we recommend use
of this value for initialization.

One may have noticed that in Section IV, variable p =
(1 p2 p3 pa) T is introduced to solve Eq. (14). However, p is

The interfering Tx and Rx acquire H,,
Hjand H,,, and then initialize the data
structures, e.g., (k,a,Flag), in Fig. 4.

The interfering Tx and Rx select
precoder from the codebook mostly
matching H,, and record the index of
the precoder in the PMI field .

The interfering Tx substitutes (k, ) in
Fig. 4(a) into Eq. (13) to obtain a
particular solution of G''*".

The interfering Tx reselects (K, )
and sets Count€Count+1.

Y

w

N
The interfering Tx employs the
precoder in the codebook indexed by
the PMI in Fig. 4(a), and sets
Flag=False indicating that the
interfering Tx adopts B-IOP for pre-
processing the data symbols.
T

Py < B where
Lke{1,2,--,K} and [ 2k

The interfering Tx adopts the (k,&) in
Fig. 4(a) for determining G".
|4

)3
The interfering Tx sends the
(k, o, Flag) field in Fig. 4(a) to its Rx.

Fig. 6. Flowchart of synchronization phase of the interfering Tx—Rx pair.

not necessary since in practice an iterative algorithm can also be
used to solve Eq. (14). So, w is omitted in the third column of
Fig. 5.

PMI (Precoding Matrix Indicator) in the fourth column indi-
cates the index of precoder in the codebook [33] employed by
the B-IOP. PMI can be determined by Tx; and Rx; individually,
based on H,; (see f(H,) in the PMI field of Fig. 5) in the
synchronization phase. It should be noted that when B-IOP is
adopted, the (k, ) value in the third column of Fig. 5 may have
been updated ¢ times while applying F-IOP. In our design, (k, «)
is reset to the initial value in using B-IOP since such a value can
yield better SE.

Based on the above description, we plot in Fig. 6 the flowchart
of synchronization for the interfering Tx—Rx pair. Note that the
execution shown in the figure is in terms of each item/row of
the structures in Fig. 5. For clarity, we use G F1OF to denote the
outer precoder obtained with F-IOP. After establishing the syn-
chronization, the Rx side processing can adapt to the precoding
scheme, i.e., F-IOP or B-IOP, employed by the Tx.

For each symbol combination, there could be three possible
situations during the determination of (k, «v, Flag), as given in
Table I, which can be further used for determining the outer
precoder. In the third line of the table, when the Flag in the
(k, v, Flag) field is set to False, a cascaded precoder with B-
IOP, denoted by GETOPPB-IOP 'ig selected from the codebook
based on the information in the PMI field. After establishing the
synchronization, the (k, v, Flag) fields at both the Tx and Rx
side are the same. Then, the interfering Rx can employ a proper
reception scheme adapting to the precoding method used by the
Tx in decoding the corresponding desired symbols.

The above discussion takes BPSK and K = 2 as an example.
In practice, the size (number of rows) of the structures depends
on the modulation order at the Tx side and the number of
interfering signals K cooperatively. Defining the k" interference
employs Lj-order modulation scheme, the size of the struc-
tures (without reduction) in Fig. 5 can then be calculated as



TABLE I
THREE SITUATIONS IN DETERMINING (k, «, FLAG) AT THE INTERFERING TX AND RX

N

Y

‘ Output decoded data X, =[x"---x*]" . ‘

Fig. 7. Flowchart of the reception of the interfering Tx— pair.

Hle L. When BPSK (L;, = 2) is employed and K = 2, we
have HkK:1 Lj, = 4. However, since some symbol combinations
are processed in the same way, the number of items of the
structures can be reduced by a factor of 1/2 [32].

Since the necessary reception parameters along with the cor-
responding symbol combinations are provided, the receive filter
can be computed at the interfering Rx side. Then, a reception
mechanism given in Fig. 7 which is similar to that in [32], can
be used to decode the desired data. In the flowchart, f’l and Ge
denote the possible inner and outer precoders determined by the
(k, v, Flag) field in Fig. 5(b) at the Rx side. Since P and G,
may not be the exact precoders P and G, adopted by the Tx,
we use”to distinguish them. When Flag = True, 151 and CA%(; are
specified as PT'IOP and GS‘IOP, respectively, while Flag = False
corresponds to PBT1OP and GB-1OP,

The processing procedure demonstrated in Fig. 7 is in terms of
eachrow in Fig. 5(b). Thatis, given certain line in Fig. 5(b), either
PFIOP and GFIOP o GBIOP gnd PBIOP are firstly calculated.
Then, based on these precoders, the receiving filer F; can
be determined so as to decode data information X; from the
received mixed signal. Recall that IOP is the interfering Tx side
operation and can thus be adapted to various reception schemes,
such as ZF, minimum mean square error (MMSE), and matched
filter (MF). Therefore, without loss of generality, as Fig. 7 shows,
we employ ZF reception in our design. Next, the interfering Rx
reconstructs signal based on H, Ge, 151, and the decoded X,
and then subtracts the reconstructed signal y; from the received
y1 to obtain Ay;. If only noise is outputted, the desired date
is X4, otherwise, the current line in Fig. 5(b) does not contain
the desired data, so that we should move to the next row of the

Case Descriptions
1 GE-IOP obtained with initial value of (k, «, Flag) satisfies Claims 1 and 2. Flag = True.
2 The interfering Tx attempts n < ¢ times to find a proper (k, ) yielding GE’IOP which satisfies Claims 1 and 2. Flag = True.
3 No proper (k, a) for feasible GETOP has been found as n = ¢, then Flag = False and B-IOP is adopted.
N structure and return to the top of the flowchart to start a new
Y processing.
The interfering Rx determines P/°" based The interfering
on H, , and substitutes (k,) into Eq. (13 Rx uses PMI to
O éf,.op? 6 (13) ] R uses P c. VI. NUMERICAL RESULTS
and obtaines ey e
X Griorpaior We now evaluate the feasibility and SE performance of the
H : —1fD .. &) . . .
The interfering Rx calculates F, =[f;---f]) | from Eq. (14) proposed IOP schemes via MATLAB simulation. At first, we
satisfying <f'1"’,HlGep=”>:0where with(k,@). N — Nn — 2 wh ' — 0. 1andletT )
The current i,je{l--,K}and i # , to decode set N7, = N, = 2 W eret =1, 1 anc et Ix; transmut 5 =
41(1bn)edm Flg.t X, =[x x0T data streams to Rxy, thus incurring 2 interferences to Rxy. An
0CS NOf 8 . .
contain the I equal power is allocated to each of the streams. The transmitted
g::iitfcftiat‘;‘é . symbols of Tx; are generated by using BPSK modulation, i.e.,
next line of yi=2, HGp T xil) and xiz) are either 1 or —1. The interfered Txo—Rx( pair
d calculates Ay, =y, - §,. .
the figure. mecrs Ty Y employs SVD-based pre-processing to send one data stream to

Rxo, i.e., applying SVD to Hj to obtain Hy = UOEOV({{ and
adopting p(()l) = v(()l) where v(()]) is the first column of the right
singular matrix V. Therefore, there is only one DoF available
for placing interfering components at Rxy. In such a case, neither
ZFBF nor IA is applicable due to the fact that both methods
manage interferences individually, and hence require K DoFs
for placing the adjusted interfering components. So, only SE
of the proposed schemes is studied. Moreover, since IOP can
avoid interference to the desired transmission to the interfered
Rxp, we only investigate the SE of the interfering Tx;—Rx;
pair.

Before presenting the simulation results, we first show how
to calculate the SE of Tx;—Rx; pair with IOP. As for F-IOP,
since the inner-precoder P should be determined first, we adopt
P = V| asan example where V| is the right singular matrix of
H,. Since the optimal selection of the target codeword is more
complex computationally, we employ fixed C in the simulation
of B-IOP and the adoption of B-IOP in the Mixed-IOP C, =
%[jl J]] as the target codeword for N, = 2. However, such
simplification will incur mismatches between the precoder and
the actual channel condition, thus degrading the transmission
quality of the interfering Tx—Rx pair.

According to the reception design given in Section V, for the
correct row in Fig. 5(b) containing the desired data symbols, we

let Fy = [f\") £{?)] denote the receive filter matrix of ZF, then
¢ H,G.p?) =0 and (£? H,G.p!") = 0 should hold.
The post-processed signal at Rx; is expressed as:

y1 =FFH G plVa\") + FFH,G.pP2? + FFny. (20)

Thus, the SE of Tx;—Rx; pair can be calculated as:

2 Pr f(l) HHG ()2
Rlzzlogz{H 167 Gep!” |

4 - @1
i=1 n

Fig. 8 shows the average SE of the interfering Tx;—Rx; pair
with various IOP implementations, including F-IOP, B-IOP and

Mixed-IOP (switching to B-IOP when F-IOP is inapplicable). As
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Fig. 8. SE of different IOP schemes under various ([k() k(] «) values.

for the simulation of F-IOP, the precoder G, is calculated with-
out verifying with Claims 1 and 2. In such a case, if the output
G, isinvalid, i.e., yielding SE = 0, SE with F-IOP is counted as
0. In practice, we can employ a proper 8 when applying F-IOP so
as to guarantee the quality of the resultant G.. The smaller 3, the
better G, but a greater sacrifice of timeliness of F-IOP. Of the
above three schemes, the first two are studied under two partic-
ular ([k®) k@7 a) settings, i.e., ([11]7,1) and ([0 bgi 17, 1).

Note that the latter leads to G, = diag(| El,; b% ]) determined

cooperatively by Ho, Hy and P;. Moreover for a comprehen-
sive comparison, we also simulated the average SE of F-IOP
and B-IOP under 10* randomly generated ([k®) k)T ) val-
ues. Each ([£®) k™17 o) sample is dependent on the channel
realization and the transmitted symbols. As for the Mixed-IOP,
we employ ([0 Z((,))]T 1) which yields a diagonal G. as the
initial value of ([k®) k™7, «), and set # = 0.2 and ¢ = 5.
Moreover, when B-IOP is adopted, we reset (k, «) in the third
column of Fig. 5 to the initial value ([0 bizi 17, 1) so as to achieve

statistically better SE. As the figure shows given a particular
IOP scheme (i.e., F-IOP or B-IOP), the SE under diagonal G,
obtained by letting ([k®) ™7 o) = ([0 %]T, 1), can lead to

the highest SE compared to that with ([11]7, 1) and averaged
over 10* randomly-generated samples.

In the simulation of Fig. 8, we only studied various IOP real-
izations without comparing them with other existing schemes,
because neither ZFBF nor IA is applicable when N7, = Ng, =
2 where ¢ = 0, 1, and K = 2. The pre-processing matrix under
ZFBF, denoted by PZ¥' B should be designed to be orthogonal
to the interference channel Hyo, and hence H,(PZ¥BF =
should hold, where 0 is a zero column vector. Since H o €
CNro*N1y | the existence of a solution for P#FBF requires
rank(Hjo) = min(Np,, Ng,) < Ny, i.e., Ny, > Npg,. More-
over, to make K signal components distinguishable at their
intended receiver Rx;, the inequality Ny, — Ng, > K should
hold. Therefore, ZFBF requires the satisfaction of N7, > Npg, +
K, making it infeasible under N7, = Ng, =2 and K = 2.
Since IOP is applicable under N7, < Np,, IOP and ZFBF
cannot be compared under a same condition. It should be noticed
that with ZFBF, the K transmitted beams pre-processed with
PZFBF at Tx, no longer match H; as p2pMIMO does, but the

orthogonality among the beams is still maintained, thus being
free from co-channel interference (CCI). The inter-beam orthog-
onality of ZFBF is advantageous over IOP, however, ZFBF costs
more DoFs. As discussed in the introduction part, IA is not
applicable to the case of multiple interferences from the same
source. Given K and M, if Rx is equipped with Np, > M + K
antennas, multiple interferences from Tx; can be adjusted so
that each interfering component may occupy one DoF at Rxy,
hence avoiding disturbance to the desired transmission to Rxg.
However, in such a case, the interfering signals are not com-
pressed as in traditional A, and thus we call it pseudo-IA. In
summary, given the same K and M, IOP sacrifices the orthogo-
nality of multiple interfering signals while guaranteeing certain
communication performance of the interfering transmission pair.
IOP consumes one DoF regardless of the number of interfering
components. Both ZFBF and pseudo-IA require more antennas
to be equipped with the interfering Tx; and interfered Rxy,
respectively, than IOP. Since pseudo-IA requires more antennas
at the interfered Rx, it is not only expensive in the DoF cost
but also impractical especially when the Rx is a mobile device.
Moreover, as Fig. 8 shows, the Mixed-IOP outperforms both
F-IOP and B-IOP.

VII. CONCLUSION

In this paper, we have proposed a new IM scheme, called
Inside-Out Precoding (I10P), to manage multiple interferences
from the same source. By exploiting inter-plays among wire-
less signals, multiple interfering components which have been
pre-processed by an inner-precoder, are treated as an effective
interference to which an outer-precoder is applied, so that mul-
tiple interferences can be compressed into one dimension at the
interfered Rx while being distinguishable at their intended Rx.
We have also presented two IOP realizations — forward IOP
(F-IOP) and backward IOP (B-IOP) — and discussed their incor-
poration in practical use. Our in-depth analysis and simulation
results have demonstrated that the proposed IOP can effectively
manage multiple interferences from the same source while guar-
anteeing the interfering Tx—Rx pair’s transmission performance.
Moreover, IOP aims to manage multiple interferences from the
same source. However, disturbances may come from different
sources and intend to various destinations in practice. Although
we may exploit collaborations among interferers to realize IOP
cooperatively, a lot of cooperation overhead will be incurred. In
this case, it is more suitable for each interfering Tx to adjust
its own signal individually so that multiple interferences can be
aligned in a compressed subspace at the interfered Rx with little
cooperation cost.

Although the proposed IOP schemes can realize alignment
of multiple interferences from the same source with only one
DoF cost at the interfered Rx, they incur a lot of computational
complexity in computing the outer-precoder. Moreover, the
outer-precoder is dependent on the transmitted symbols, that is,
various outer-precoders should be calculated for different sym-
bol combinations. However, it should be noticed that given K
interferences and Lj-order modulation for the k" interference,
there are totally % H,ﬁ(:] Ly, symbol combinations. Therefore, in
a channel block where the channel parameters remain constant,



the outer-precoder for each symbol combination is calculated
only once. That is, if the channel varies slowly or/and % Hle Ly,
is small, the computational complexity could possibly be ac-
ceptable. The detailed analysis of IOP’s complexity and further
design of IOP with less complexity/cost are beyond the scope
of this paper, but these are important issues that need to be
addressed, and thus are matters of our future inquiry.

APPENDIX A
PROOF OF CLAIM 1

According to Eq. (6), the received mixed signal at Rx;
can be expressed as y; = H;G.P;X;+n;. By noting
that rank(H;) = min(Np,, Ng,) > K and rank(P,) = K,
given rank(G.) < K, we can have rank(H;G.P;) <
min{rank(H,), rank(G.), rank(P;)} = rank(G.). Thus,
rank(H;G.P;) < K holds. That is, the number of desired
signals of Tx;—Rx; pair, K is larger than the dimension
of the available signal space, i.e., rank(H;G.P;). In other
words, since H|G.P;| = [HlGepgl) HlGepgK)], when
rank(H;G.P;) < K, the spatial signatures of signals carrying
:1:51), . xEK), determined by HlGepE]), e ,HlGepgK),
respectlvely, are linearly correlated. Therefore, there is at
least one signal carrying data, say xgk), whose spatial signature
() can be linearly represented by that of the other K — 1

signals carrying :c( ) .,mikil),xikH)’...,ng). In such a

case, Rx; cannot de correlate all the K signal components.
Thus, Claim 1 follows. [ |

®H,G.p

APPENDIX B
PROOF OF CLAIM 2

Our idea of proving Claim 2 is to show that the undesired sit-
uation described in Claim 2 exists. Take N7, = N, = Ng, =

K =2and G, = diag([:;((—]l; Z%]) obtained by setting k() =

k@ = % and « =1, as an example. diag(x) denotes the
pe
diagonalization of vector x. We assume BPSK modulation is

employed by Tx; for sending K = 2 signals, and hence the

(1 (2

modulated symbols, denoted by x, * and x,™, respectively, can

(1

be either 1 or —1. Without loss of generality, we take =, * as the

referential symbol.
h (11) h (12)

Since H; = [h(z,) hm)] and the inner precoder

p(H b(2)
(1]) (12) a P (ll>h(ll)Jr (21)h<12)

P H G =
1= [ (21) (22)] 1GePy [b(l) (”)h(21)+h(7) (21)h(22)
p

b<('l)) (1z)h(|1)+b() (22),(12)
2)

and H,G.p!? = |7

1 b (1), 2 b() 2), (22
LR+ g ()

{1 and o= -
(1) and pg ) are the first two columns of the inner precoding
matrlx Py, €1 and &, cannot be close to O simultaneously.
Otherwise, (p, ¢ ),P§2)> = 0 will not hold. Here, we use the
descriptions that complex variable €, or ¢, is close to 0 (— 0)
or tends to oo (— o) to indicate both the real and imaginary

parts of such a variable are close to 0 or tend to oo, respectively.

| hold. We define

2) o .
and &, i ). Since unit vectors

. . . . 1

By substituting €; and ¢; into the expressions of H; Gepg ) and
by, a1y, b® P12

) [ e P hi T ) hy ]
b(i)p(”)h(m-i-b(?) (2|)h(zz)

p](ﬂ)hflz)7b(l)hf“)7b(z)h§lz>

HlGepE ), we can get H; Gepg

o0 anyan &

g 1 1 €
and H, Gepl [%pf”)h$2])+§p<21)h(22)7b(l)h(21)*b(2)h(22) .
When £ — 0, we have E%—>oo, so that H; (}ep1 ~
[%pgll)h?l) %)pﬁ“)h?”? ~H,G.p” is obtained.
Therefore, |<eH1Gepf'>’eH1Gepf”>| ~ 1 holds. Similarly,

g7 — 0 will lead to |<eH c.o: € G @ )| & 1. Although the
1&=ePy ePy
above analysis is with Ny = N, = Np, = K = 2, the same
conclusion can be drawn with more general parameter settings.
Thus, Claim 2 follows.
It should be noted that in the proof of Claim 2, we only pro-
vide an example satistying |<eH1Gepf” remG.p® )| =~ 1 where

I,ke{l,2,...,K}and!l # k.In practice, there may be various

situations leading to | (e e )| = 1. For simplic-
gtofley, g, p en . pft) )| p

ity, we have not exhaustively enumerated undesirable cases in
this paper. |
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