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Abstract

Interference alignment (IA) was shown effective for inegeihce management to improve transmission rate
in terms of the degree of freedom (DoF) gain. On the other hartlogonal space-time block codes (STBCs)
were widely used in point-to-point multi-antenna chanrtel&nhance transmission reliability in terms of the
diversity gain. In this paper, we connect these two ideas, A and space-time block coding, to improve the
designs of alignment precoders for multi-user networkec8jgally, we consider the use of Alamouti codes
for IA because of its rate-one transmission and achiewghbilf full diversity in point-to-point systems. The
Alamouti codes protect the desired link by introducing ogbnality between the two symbols in one Alamouti
codeword, and create alignment at the interfering receder show that the proposed alignment methods can

maintain the maximum DoF gain and improve the ergodic muitufarmation in the long-term regime, while
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increasing the diversity gain ®in the short-term regime. The presented examples of interference networks have
two antennas at each node and include the two-user X chatheeinterferring multi-access channel (IMAC),

and the interferring broadcast channel (IBC).

. INTRODUCTION

Interference plays a major role in open air network commation and interference management is

crucial for future wireless network designs. Recent regeahows much interest in a technique called
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interference alignment (1A) that enhances network thrguglin terms of the degree of freedom (DoF)
gain (or equivalently the multiplexing gain). Through thentrol of either spatial transmit beamformers
[1]-[3] or temporal correlation patterns [4], interferencasts overlapping shadows in the receive signal
space at unintended receivers. Such control minimizes itnersions of interference while keeping
useful signals discernable at receivers. The techniqueeskey to achieve the maximum DoF gain
in interference channels [1], X channels [2], [5], and bzl channels [3], [4] at the cost of simple
linear processing for transmitters and receivers.

In addition to network throughput, reliability in terms dfet diversity gain is another performance
metric. When channels are in deep fading, the signal-teen@NR) level at the receiver is low and
systems cannot support specified transmission rate, whinkeguently results in outage events with
finite diversity gain. Various techniques have been intexigistudied to improve the spatial diversity
gain, e.g., Alamouti codes [6], space-time block codes &3)B[7], [8], and beamforming methods
for point-to-point multi-input multi-output (MIMO) chareis; the interference cancellation (IC) method
for multi-access channels (MACs) [9], [10]; and the dowklli€ method for broadcast channels (BCs)
[11]. Conceptually, the DoF gain and the diversity gain destiate different dimensions of performance
metrics in high SNR. The DoF gain reflects the long-term pentonce, where systems can have ergodic
power constraints (e.g., use a Gaussian codebook thatfirateipeak power) and infinite-length channel
coding against noise corruption. When the system has peatieanel state information at the transmitter
(CSIT), rate adaption can be performed with infinite setsanfebooks. The rate can be instantaneously
zero when channels are in deep fading, or grow linearly WiggfSNR to boost the transmission rate
[12]. A system pursuing the DoF gain operatesthe long-term regime. With long-term constraints
on power, decoding delay, and rate, channel outage can bdeadvby choosing a codebook with a
rate lower than the instantaneous capacity. On the othet, ltha diversity gain reflects the short-term
performance, where systems have constraints on powerdihgcdelay, and rates for a finite number of
fading blocks (e.g., a delay-limited system). With a nomezainimum rate constraint, channel outages
cannot be avoided and are dominated by finite diversity gdihpugh power allocation and rate adaption

can be performed within the constrained blocks [13]. A gysprairsuing the diversity gain operates in
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the short-term regime. Both metrics are of equal importance for communicationesysdesigns. We are

particularly interested in the spatial diversity gain, @efhcan be straightforwardly combined with other
forms of diversity, e.g., frequency diversity and time dsity. The existing alignment methods in [1],
[2], although achieve the maximum DoF gain, provide only atig diversity gain of 1 in the short-term

regime [14]. In this paper, we aim at improving the divergiin without losing the maximum DoF

gain.

The main idea conceived by STBCs with orthogonal designsdsotthogonality between embedded
symbols [7]. The orthogonality guarantees no SNR loss ateabeiver if the zero-forcing (ZF) method
is used to decouple symbols in one block. The improvemerdshfdr any SNRs. Consequently, full-
diversity is achieved as long as the block code has full-réivéadopt this idea into the linear alignment
design to protect the desired channels. While the previigeraent methods only focus on linear 1A
at unintended receivers without considering the desirethicéls, our proposed method uses STBC to
enhance the reliability of desired channels without affecialignment at interferring receivers. This
explains the diversity improvement obtained by the progosethods. Specifically, since Alamouti
code is the only complex orthogonal design that can achiateeane (the maximum possible rate for
orthogonal designs) [7], we embed Alamouti codes into alignt designs. Alamouti code also has
another nice property that itsx 2 matrix structure is closed under matrix multiplication aamttition.
This property is utilized for the IC method in MACs such thiaé¢ tAlamouti structure of the equivalent
channel matrix is preserved after cancelling the intemfgrusers [9]. Enlightened by these facts, we
propose new alignment methods using Alamouti codes.

We motivate the idea in a double-antertha 2 X channel, where two transmitters send symbols
to each of the two receivers. The maximum DoF gain of such war&tis known to be% X 2 = §
[2], achievable by symbol extensions over three channe$ asel sending two symbols over each
communication direction. Since each transmitter has tweraras and only two symbols are sent to
each receiver, we propose to convey these two symbols inck mdh Alamouti structure. Alignment
at interferring receivers is achieved on an equivalent chhmatrix with Alamouti structure. Therefore,

the two symbols of the same user are orthogonal to each otitedecoupling them does not incur
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SNR loss. Consequently, the maximum transmit diversityr gaiobtained. The contributions of this
paper are summarized as
1) In the two-user double-antenna X channel, compared tdirtbar alignment method in [2], our
proposed scheme achieves higher diversity gain, i.e.,exsity gain of2 at the same DoF gai%.
Our proposed method only requires local CSIT instead of@I@SIT as assumed in [2]. In other
words, each transmitter only needs to know the channelnmdtion from itself to both receivers.
2) The proposed method can be extended with the same dweaih improvement to cellular
networks such as the interferring MAC (IMAC) and the interfeag BC (IBC) [15], where inter-
cell interference affects desired communication. The teobiations (MSs) only require local
channel information. Since the IMAC and the IBC are dual toheather, we use the idea of
duality [11], [16], [17] to transform the alignment solution the IMAC to the solution in the
IBC. Simulation shows significant bit error rate (BER) penfi@ance improvement compared to
the downlink 1A method [18].
3) Improvements are not limited to the diversity gain in thighhSNR regime. Our proposed
method also demonstrates improvements, compared to thensdationed existing methods in

the literature, on the achievable ergodic mutual infororaat any SNR.

IA with diversity benefits is also parallelly studied in [£921] at rate-one (one DoF is communicated
per node pair) for interference channels and X channelsatiyt[19] considers feasibility of 1A for
diversity gain in interference channels. Besides interfee alignment at unintended receivers, transmit
beamformers are also designed to maximize the signal tdenémce-plus-noise (SINR). Consequently,
their designs for a three-user interference channel witketlantennas at transmitters and two antennas
at receivers bring a diversity gain 8f Note that our paper differs from [19], [20] in the number a3
transmitted per node pair. We allow the network to achieeentiaximum DoF gain, while in [19], [20],
each transmitter sends only one DoF to the intended recébaturally, it is more challenging to design
a system transmitting more DoFs. Secondly, our system allunbol extensions or multiple channel
uses, while their system does not use symbol extensionadlfhihe mechanisms of the protection for

the desired link are different. Our paper considers STBQ@slevtheir papers use transmit beamformers.
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The rest of the paper is organized as follows. Section lludises the channel model and reviews the
alignment scheme in [2]. In Section lll, we present the atignt method using Alamouti designs for
X channels. Section IV extends the proposed method to theQAMAd IBC. Simulations are shown in
Section V and conclusions are given in Section VI. Proofshebtems are provided in the appendices.

Notations: Let a vectora € CV*! be drawn from a complex vector space with dimensionx 1.

We denoteliag (a) € CV*V as a diagonal matrix whose diagonal entries are copied frenentries in
a. For a matrixA, we useA™, A*, tr (A), vec(A), and||A| to denote its transpose, Hermitian, trace,
vectorization, and Frobenius norm, respectively. For tvairioesA; and A,, the notationsA; ® A, are
used for the Kronecker product. When matrices A, € CV*¥ are drawn from the same matrix space,
we useA; < A, to denote their differencé, — A, to be positive definite. The notatiah\/(0,1) is

used for a circular symmetric complex Gaussian distrilbutigth zero mean and variance 1.

[I. PREVIOUS LINEAR ALIGNMENT IN TWO-USER X CHANNELS

This section explains the X channel model and the previawsali alignment solution for X channels.
Consider anM-antenna2 x 2 MIMO X channel. Two transmitters send symbols to two receiye
where each node is equipped with antennas. Each of the two transmitters kasxdependent symbols
intended for each of the two receivers. In other words, Tratter j has symbob,[ji] for Receiver, where
j,i € {1,2},k € {1,2,..., K}. Throughout the paper, we use indicgs, k& for transmitter, receiver,

2
II" = P, whereP is the available power

and symbol, respectively. The expected powesgﬂ‘ isE sEji

at the transmitter per channel use. When the system is egenatthe long-term regime, a Gaussian
codebook can be used fe,’f'i} and each symbol carries one DoF gain. In other words, thatdtafsgﬂ
scales likdlog P in the high SNR regime. Since each symbol carries one DoF, ggimbol rate is equal

to the DoF gain. We call a transmission method that achidwesiaximum DoF gai@ maximum-rate
scheme. In the short-term regimesggﬂ is generated from a finite set of codebooks. With a non-zero
minimum rate constraint, system performance is dominatedhb worst codebook. Without loss of
generality, we can assum;ém is uncoded and drawn from fixed constellations with finitedoaality,

e.g., QPSK or 16QAM. Denote the constellation&snd its cardinality asS|. The bit rate ofs,[j“ is
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fixed to log|S| at any SNR. For simplicity, we will present the paper by assgniixed constellation
for s,[fi] to study the achievable diversity gain unless otherwistedta

To focus on spatial diversity gain, we model channels as éiglylblock fading. The channel matrix
from Transmitterj to Receiveri is denoted a#ll!l € CM*M, Then, the(m, n)th entry inHV, denoted
as hil s the fading channel coefficient from transmit Antennato receive Antenna.. We model
hY1 as drawn from i. i. dCN (0, 1) distribution. In addition, all channels are assumed blaadkirfg
(also known as constant channels), i.e., all channels kaepamged during the transmission. Let the
transmit duration bd” channel uses, and Transmitteembeds2K symbols, i.e.,s,[f” and ng}' into a
block XU € ™M The signal block sampled at Receivetan be written as

Y = xWHM ¢ XPHE w5 e {12}, (1)
where Y1, Wl ¢ €™M and W denotes the additive white Gaussian noise (AWGN) matrix at
Receiveri. Each entry inWll has i. i. d.CA(0, 1) distribution.

The reason for choosing x 2 MIMO X channels is for its simplicity and the existence ofdar
alignment using finite signaling dimensions. For a gendral R X channels withmin{.J, R} > 2, the
feasibility of linear 1A is still open, and so far the best astable solution is the asymptotical alignment
that requires infinite signaling dimensions to approachntiiaimum DoF gain [5].

In what follows, we review the linear IA method in [2] for tl2ex 2 MIMO X channels with a change
of notations used in this paper. The alignment achieves thremum symbol rate of% symbols/channel
use over the network. The design needs three channel usesgfaling, i.e., 7 = 3. Transmitter;
linearly combine2M symbols (/ symbols for each receiver) into the transmitted bldcK. In total,
4M symbols are transmitted over the network3ichannels uses, which provides a symbol ratéévéf

symbols/channel use. The design is based on the vectofdransf system equation in (1),

vec (Y1) = (HMT @ I;)vec (XIY) + (HPT @ I;)vec (X)) + vec (W), i e {1,2}, (2

(.

~~ -~ -~ -~

whereyll xlil wlil € @31 and H" € C3M3M_ The equivalent transmitted vectar! is designed

as linear beamforming of symbojsém

. . . . 1T . . . .
<! = i1l [s[f” L S[Aajl] 4 vliZ [8[132} N 3)
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wherevV" denotes th&M x M beamforming matrix from Transmitter to Receiveri. The symbols
sEj”, (k = 1,2,..., M) are intended for Receiver 1, hence become interference égeiRer 2. The

beamformer!'! aligns s/ with 5"’ in an M/-dimensional subspace at Receiver 2 as

ﬁ[22]v[21} _ ﬁ[lZ]V[n].

Similarly, the symbolss,” are aligned withs”? in an M/-dimensional subspace at Receiver 1 as

ﬁ[ﬂ]vpz} _ ﬁ[lllv[u].

Since channel matrices are almost surely full rank, we canddiately obtainv?!l andv??l as functions

of v''l and¥!'%, respectively,
21 _ (ﬁ[”])_lﬁ“”vﬂﬂ,vm} _ (ﬁ@l])_lﬁ[ll}vuzL 4)

The remaining beamformefg'!! and v!'? are designed for linear independence between the desired

signal space and the interference subspace as
vl = U1y @ E)), v = Uy, @ Ey), (5)

whereE; = [1,1,0]", E, = [1,0,1]", and U e €3M*3M is denoted as the eigenvector matrix of
(ﬁm>_lﬁm (ﬁm)_lﬁm whose eigenvalues are arranged)as# o, A\ # A3, Ay # X5, My #

X6y - -5 A3nr—2 # Asm—1, A3p—2 # Asn. At each receiver, ZF is performed to cancel interferenad an
separate useful symbols to obtain symbol-by-symbol degsdiFrom (4) and (5), each transmitter
requires global channel information to design the beaméosimFor simplicity, we call this transmission

methodthe JaSh scheme.

Il. ALAMOUTI-CODED TRANSMISSION FORX CHANNELS

In this section, we present how Alamouti designs can be usethé linear 1A in X channels. While
previous alignment schemes consider the designs of alighprecoders only based on interfering links
and disregard the desired links, we incorporate the idealahAuti designs to protect the transmission
of desired symbols, because Alamouti codes achieve fulistrét spatial diversity in point-to-point

MIMO systems [6]. Consequently, the proposed alignmenthogttcan achieve the same maximum

DRAFT



symbol-rate as the scheme in [2] but with a higher diversaingTo use Alamouti codes, we assume
each node in the X channel has two antennas, A&+~ 2. We first present the transmission method
in Subsection 1lI-A, then analyze the achievable divergiyn in Subsection 1lI-B. In this section, we
assume that each transmitter has channel information fteeff to both receivers, i.e., Transmittgr

only knowsHU' and HVZ. Receivers require global channel information.

A. The transmission method

The maximum rate of the double-antertha 2 X channel is2 x 3 = £ [2]. To achieve this rate, we
design each transmitter to send two symbols to each of theréaeivers in three channel uses, i.e.,

K =2 and7T = 3. The system diagram is shown in Fig. 1. The transmitted bl¢k is designed as

s[ljl] S[le] 0 0
XUl — \/; —3[2]”* 8[1]1}* vl 4 _5[2;2]* 5[132]* v je{1,2}, (6)
0 0 s[lj } sgj }

where VU1 ¢ €2*2 denotes the beamforming matrix from Transmitjeto Receiveri. Recall that

from (1), the vertical and horizontal dimensions Xf/! represent temporal and spatial dimensions,

respectively. The symbols to Receiverare encoded by Alamouti designs and transmitted in the first

two time slots; whereas the symbols to Receare encoded by Alamouti designs too, but transmitted

in the last two time slots. Compared to the designs in (3),salieme allows each transmitter to send

linear combinations of both the original symbols and thenjagate. The beamforming matrices are
(11]

designed to align!'" ands”" at Receiver 2, and aligs'” ands** at Receiver 1 as shown in Fig. 2.

Specifically, we design the beamforming matrix as the namedlinversion of the cross channel matrix,
g g N —1
vl — il (H[m> L jie{1,2) @)

where the index denotes the receiver other than Receivand the coefficientl/! = 1/ H (H[ﬁ])_lH is

to satisfy the power constraintr (VI Vi) = 1. This power constraint implicitly ensures each entry

In this paper, we design power to be equally allocated betwsenbols for two users, because we focus on the diversity gai

performance. Further power allocation to maximize theyagain is possible.
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in VU to be smaller than 1 and avoids high peak powers. The c:oeeilfit:d@4 in (6) is to normalize
the transmit power td[Ei_]tr (XUI(XU1)*) = 3P in three channel uses. Inserting (6) into (1), the receive
st

signal blocks can be expanded as

S[ljl} ngl} 0 0
. . oy 3
Z \/7 _5[231]* S[ljl]* 2 A \/; _C[11}S[212]* _ 6[21}5[222]* 6[11}8[112}* i 0[2”5[122]* +whl,
(1.2}
’ 0 0 0[1”3[112} + 0[2”3[122} 0[1115[212] + 0[2”5[222]

(8)
0[12}8[111} +C[22}8[121} 0[12]5,[211] —1—0[22]5[221]
Z \/7 32]* 32]* ab2 4+ \/g _0[12}8[211]* _ 0[22}5[221]* 0[12}8[111}* —1—0[22]5[121]* + Wi
e bosy 0 0
©)
where HVl = VUIHUY denotes the equivalent channels that incorporate bearitfigrmatrices. In
the above equations, the first term represents desired $gmibbereas the second term represents
interference. It can be observed that the interference stilirhas Alamouti structure, sincé’! is a

real number. In other words}? and s|*”

are aligned at Receiver 1, whild'" and s!*" are aligned at
Receiver 2. We can further convert the system equationsviettor forms to study the receive signal
space. Let us denote theh row of Y and Wil be y! andw!”, respectively, where € {1,2,3}.
Denote the aligned interfering symbols B8 = ¢!  c252 712 — 2 My 22121 - ang the
(m, n)th entry of HUY as b, The receiver calculategl! = vec ({ygﬂ*, (1) <y¥]> ,yg]*} ) and

Egns. (8) and (9) can be converted as

R R o o | [
_7%111]* 71[1111]* _7%211]* ’NZ[1211]* 0 1 35”
21]
= Z ~[?11 ~Eu ~[211 ~gu - 8[121} o (10)
his has hi h3s 0 0 52
_%121]* 71[1121]* _%221]* 71[1221]* 10 11[1]
0 0 0 0 0 1 1Y
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at Receiverl, and

0
iL[2112] *
7112
~[2] _ 3 hgl}
0

7 [12]*
Ry’

712
by

at Receiver, wherey!!, w1 € €% andwl?! = vec ([

0
e
i
0
i

712
hoy’

0
7 [22]*
B
722
PeY
0

7 [22]*
Ry

7122
hy’

0
iz
hay

0
iz

7122
hy)

[i]x

Wl 3

1

0

0

0

+ Wi

10

(11)

(—1>iw¥”,w§1*} ) denotes the equivalent

AWGN vector at Receivei. It can be observed that the equivalent channel vectors’bfand s5’

(correspond to thé2; — 1) and (2;5)th columns in the equivalent channel matrix) are orthogohlals,

the desired links are enhanced by embedding Alamouti cadesalignment. The receive signal space

is illustrated in Fig. 2.

In what follows, we explain receiver decoding using IC anagly proposed for MAC [9]. Although

IC is essentially ZF, IC avoids high dimensional matrix mesing (simplify the computation of matrix
inversion in the projection matrix). Since the designs @& tietwork is symmetric to each receiver, we

focus only on the processing at Receiver 1 to simplify predém. Processing at Receiver 2 is similar

and has the same performance as that of Receiver 1. Sincelydiscuss Receiver 1, in what follows,

we will remove receiver indexfrom yJ andw!? to simplify the presentation. The IC has the following

two steps:

1) Sep 1. Remove aligned interference: Let the r7th entry of y and w in (10) be ¢, and w,,

respectively. Since the equivalent channels for interfeeef{” and LP are constant in (10), the aligned

interferencel/!"’ and Il can be cancelled by

Y1 Y2+ Us

Us Us — U3

(12)
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~ A

T T T T
Lety, = [@1 §2+ﬂ6] Y2 = {2?4 ?35—?33} y W1 = {@1 7112+71J6} ; W2 = {7114 @5—@3} . The

resulting equivalent system equation can be simplified as

51 3 ﬂ[ln} 8[111} ﬂ[lm} 8[121} .
- Z 11 11 + (21 21 + ’ (13)
;s | | | ae | | |) T
whereHYY ¢ €2%2 has an Alamouti structure
. h[ﬂ:] ;L[jn}
vl = | "ol je {12

T

2) Sep 2: Decouple symbols from different transmitters: The system equation in (13) is similar
to that of a MAC system with two double-antenna transmittard one double-antenna receiver. The
equivalent noise vectojw/ WZT]T is white but does not have identical variances for each et@rys

applicable to decouple!'’ and si'” from si*! and s> Receiver 1 conducts

= * = * 2 * o 2 * 11 2 * A > EION
H[121] F2y A _\/g H[121] H[111} B H[221] Hglu 5[1 ] H[121] Wy ngu Wa
277V 4

R 25’1 - R 2 2 R 2 ) . 2"
H[121] H H[lzu ) 5[211] H[121] H ngu H

2

ﬂ[zl})

-

v N
(14)
Due to the completeness of matrix addition, matrix multiglion, and scalar multiplication of the

Alamouti matrix, the equivalent channel matik still has the Alamouti structure. ThusE” can be

decoded by
s,[jl] = arg max ff,;ys, ke {1,2}, (15)

whereh,, denotes thé&th column ofH. Note that the decoding complexity is symbol-by-symbaini&ir

I:I[ll]* R I:I[ll]*
[ el

to (14), we can decouple’® and s*" by calculating E
2
. Therefore, four procedures of symbol-by-symbol

yo. Similar operations can

be performed at Receiver 2 to decog&’ and s*”

decoding are required at each receiver to recover desimathcy.

B. Performance analysis

This subsection provides diversity gain analysis in thertstesm regime. Further, we show that the

proposed scheme does not lose the DoF gain in the long-tegimee
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In a point-to-point channel, diversity gain is defined asabgmptotical slope of BER with respect to
the receive SNR in the high SNR regime. For our consideredorektmodel, we define diversity gain
as the asymptotical rate of BER with respect to powefor the symbol-by-symbol decoding given in
(15). A diversity calculation technique using instantamemormalized receive SNR was proposed in
[22] for short-term communication systems. For a vectomcleh with an equivalent system equation
y = hs + w, wherey, h, s, w denote the receive signal vector, the equivalent chanrebgeransmit
symbol, and the equivalent noise vector, respectively. ifis&ntaneous normalized receive S\R for
symbol s is defined asy = h*X~'h, whereX is the covariance matrix of. Diversity gain for the

maximume-likelihood (ML) decoding of this equivalent systeequation can be calculated as

J— —Tim log P(y <€)
e—0 log €

: (16)
where P(v < ¢) denotes the outage probability of Using this technique, we present the following
theorems.
Theorem 1. In the short-term regime, the JaSh scheme achieves a dijvgesh no more than for
the 2 x 2 double-antenna X channel.
Proof: See Appendix B for proof. [ |
The intuition of the theorem can be explained as follows. Téeweiver observes a six-dimensional
signal space, in which two dimensions are for aligned ieterice and four dimensions are for desired
symbols. The equivalent channel vectors for desired sysdr@ randomly distributed in the receive sig-
nal space as shown from (41) (the beamforming veaiQrsi, depend on channels &112!), H!'2 H[?2,
while the equivalent channel matrix i!'" for all desired symbols). By a ZF receiver, the projection to
cancel the aligned interference and decouple the desimatbayg incurs SNR loss. Thus, the resulting
diversity gain is 1.
Theorem 2. In the short-term regime, the proposed alignment methold Alamouti designs achieves
a diversity gain of 2 for th& x 2 double-antenna X channel.
Proof: See Appendix D for proof. [ |
This diversity improvement can be intuitively explainedaifows. Compared to the JaSh scheme, two

desired symbols are orthogonal (See (10) and (11)) due toghef Alamouti structure at transmitters.
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After removing aligned interference, the system equatio(iB) is similar to a MAC with two double-
antenna transmitters and one double-antenna receiverlQheses one receive antenna to decouple
symbols. Then, the receive diversity of the proposed schismie A transmit diversity gain of 2 is
achievable through Alamouti designs. The total diversiyngs the product of the transmit diversity
and receiver diversity, i.e., it is 2.

Next, we discuss the proposed scheme in the long-term redimikis case, Gaussian codebooks can
be used fors,[j'"], and transmitters adjust the rate over infinite sets of Gans®debooks based on CSIT
and the transmit power. The network can reliably transnidrmation without outage assuming infinite
coding. The DoF gain is defined as the asymptotical ratio éetwthe bit-rate antbg P [12]. For our
proposed scheme, each symbﬁf] can be viewed as a data stream whose bit-rate can be adjusted
adaptively. The achievable DoF gain is shown in the follayiheorem.

Theorem 3: In the long-term regime, the proposed alignment method Aiéimouti designs achieves
the maximum DoF gain o§ for the 2 x 2 double-antenna X channel.

Proof: Since interferring symbols are aligned by the design anceapin different temporal
dimensions compared to the desired symbol (At Receivereldésired symbols are received in time
Slots 1 and 2, and interferring symbols are received in timoesR and 3), the desired symbols can be
decoupled from the interferring symbols. Then, it is sudfntito show the linear independence among
the desired symbols. We only show the linear independen&eegiver 1, since the channel matrix of
the four desired symbols has the same structure at Receiwtle heed to prove that the following

4 x 4 matrix has full rank

711 711 7121 721
IR R e

7[11]* 7 [11]* 7121]% 7 [21]*
S AR

711 711 7121 721
' by R by

(17)

7[11]* 7 [11]* 7121]x 7 [21]*
R A |

This is straightforward since the determinant of the abowrim is a polynomial function of eight
entriesh)] with j,m,n € {1,2}. Recall thath\ny depends on channel matriceE'") and H'2/, while

W2 depends orl12Y and H22, with all channel matrices being independently drawn. Teialent
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channelshhy are independent from!24. Then, the determinant polynomial is either O or non-zero fo
all values ofhY} with probability 1 [23]. Whenh!l! = AT = 1 and Al = AT = pUY = pi20 =
RN = 2 = 0, the matrix in (17) becomes an identity matrix and full rafikus, the determinant is
not a zero polynomial and the matrix in (17) is full rank withopability 1.

For each data streamf“, a rate that grows linearly wittbg P can be reliably supported. Sinée
streams are sent over the network3ichannel uses, the proposed scheme achieves the DoF géjn of
The outerbound on the DoF gain of tBex 2 double-antenna X channel was characterized in [2] to be

%. Therefore, the proposed scheme achieves the maximum DoF ga [ |

V. ALAMOUTI-CODED TRANSMISSION FORCELLULAR NETWORKS

In this section, we discuss two types of cellular networke: tMAC and IBC networks [15], where
interference from a neighboring cell degrades in-cell camiration. Again, the use of Alamouti codes
together with 1A can bring the maximum transmission rate andiversity gain of2. We explain the
network models and show the maximum DoF gain in Subsectief.I8ince the X channel is a special
case of the IMAC, we briefly describe its transmission in ®ghisn 1V-B. Transmission in the IBC
is more challenging compared to the IMAC because of the reduilesigns of imperfect alignment.
Description for alignment in IBC is contained in SubsectigrC. Regarding channel information, each
MS requires only the knowledge of the interferring link cented to itself, and each base station (BS)

needs channel information within its cell as well as the kieolge of its MSs’ beamformers.

A. The IMAC and IBC network models

Consider a two-cell IMAC as illustrated in the left side oyFB. In each cell, one BS serves two
MSs. All nodes are equipped with two antennas. In the IMAC, cae use the receiver’'s index for
the cell index, since there is only one receiver in each ¢eliCell ¢, transmitter; has independent
symboISSEji} to send to Receiver wherei, j € {1,2}. The desired links are described by channel matrix
HUY, whereHVY ¢ ¢?*2, Due to the simultaneous transmission, Cell 1 creates aara interference
to Cell 2, and similarly does Cell 2 to Cell 1. The interfegitink from Transmitter; to Cell i is

described by channel matri?, whereIl’l ¢ C?*2, We assume that all entries in channel matrices
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have i. i. d.CN (0, 1) distribution, and remain constant during the transmissidre reciprocal channel
of the IMAC is an IBC, where the directions of communicatiae aeversed. Contrary to the IMAC,
in the IBC, we can use the transmitter’s index for the celleidsince there is only one transmitter
in each cell. Transmittef sends independent symboigi] to Receiveri in Cell j through link H",
and simultaneously interferes Usein the other Cellj through linkIU%. We can use similar notations
as that of the IMAC for the IBC with an exchange of the cell ars@grindices. The IBC and adopted
notations are shown in the right side of Fig. 3.

IA is considered for the IMAC in [15] and the IBC in [18], [24]-hese two channel models are
introduced for frequency selective channels in [15], whitve duality between these two channels is
also demonstrated. Transmission in a two-cell IBC is sulidie[24] with the number of BS antennas
larger than the number of receive antennas. Our paper ecassadMIMO setting where all nodes have
equal number of antennas. First, we show the outerbounde@mDdk gains. In the proof, we assume
that sgﬂ operates in the long-term region and carries one DoF gain.

Theorem 4: For a two-cell IBC with two users in each cell and two antenatsach node, lefl’’!

be the DoF gain sent from Transmittgto Receiveri in Cell j. The DoF gain regiorD™¢ is

dM 4 dPY 4 g < 2, (18)
dl? 4 g1 4 g2 < o (29)
42U 4 gt | g2 < o (20)
a2 gt 4 g2 < o, (21)

Proof: The proof is similar to that of the outerbound on X channels §ince the network is
symmetric for each cell and each receiver, we only show iakiyu(18) and the other three inequal-
ities hold by similar arguments. We argue that the DoF gagiomrglgg (d*V + d? + d*4) can be
outerbounded by those of two channels illustrated in FigTHe first outerbound is a modified IBC
without Receiver 2 in Cell 1. BS1 sends messages only to Raxcéi Obviously, any reliable coding
schemes in the IBC can be used reliably in the modified IBC.nThet D'B¢" denote the DoF gain

regions of the modified IBC, we haugax (d™ + d! + dP?2) < max (a4 Y + d*?). We can

PpIBC pIBC!
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further outerbound the DoF region of the modified IBC using Ehchannel by allowing receivers in
Cell 2 to cooperate (right side of Fig. 4). This is because ratigble coding schemes for the modified
IBC can be used in the Z channel by adding interference atversein Cell 2 and decoding as if
R3 and R4 are distributed. Let the DoF gain region of the Z obhive D?. From Corollary 1 in
[2], we haver%azx (d' + 2+ d?4) < 2, since both BS2 and R1 have two antennas. It follows
masx () + a1+ dP) < e () + 021 + ) <2 o

Due to the duality between the IMAC and the IBC, the same DaR gagion holds for the IMAC.

Combing (18), (19), (20), (21) results i + dl'? 4 1 + 2 < £,

B. Transmission methods in the IMAC

The maximum rate for the considered IMAcgssymbols per channel use. Noticing that the double-
antenna2 x 2 X channel is a special scenario of the two-cell IMAC whEfil = HUI. Then, it
is straightforward to use the method we have proposed forxitehannel for the two-cell IMAC.
Specifically, two symbol& € {1,2}, encoded in Alamouti codes, are transmitted in three cHarses.
Transmission in Cell occurs in the first two time slots, while transmission in Ceticcurs in the last
two time slots. For Transmittej in Cell i, the normalized inversion di’ is used as the alignment
precoder. Then, four interferring symbols are aligned iwto dimensions. Since the X channel is a
special case of the considered IMAC, a diversity gain of 2dBievable at the maximum rate §f
symbols per channel use. Diversity analysis for the IMAChgsihe proposed method is similar to

Theorem 3.

C. Transmission methods in the IBC

In what follows, we discuss the extension to the two-cell IBY duality of reciprocal channels, the
maximum rate of the two-cell IBC is algnsymbols per channel use. Let the transmission dur&tibe
three channel uses. To achieve the maximum rate, each fittarssends two symbols to each receiver.
In total, 8 symbols are transmitted over the network in three chanred,ushich amounts to the rate
of % symbols per channel use. Since each receiver is equippedwat antennas and receives in three

time slots, a six-dimensional signal space is created. Eaadiver intends to decode two symbols and
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leaves the remaining four-dimensional subspace for serfeting symbols (two symbols are for the
other receiver in the same cell, i.e., intra-cell intenfe, and four symbols are from the other cell, i.e.,
inter-cell interference). Thus, we need an alignment ae#igt aligns six symbols in four-dimensional
subspace. Such an imperfect alignment design cannot ballfriextended from the proposed method
for X channels, where interference is completely aligned.

We use the method constructing a dual system from the otigysiem as proposed in [11]. The
methodology has been used to design the dual Alamouti cadéshe downlink IC method, where
receiver processing is totally blind of channel informatid@he constructed scheme can bring to the
dual system the same diversity gain as in the original sysWmuse the transmission method in the
IMAC as the original system to derive its dual system. Theivdépon is involved, and we directly
present the transmission method in the two-cell IBC. Notg thdiversity gain of 2 is achievable for
the dual system, following the definition of dual systemswaf designs (Definition 1 and Proposition
1in [11]).

The system diagram is shown in Fig. 5. Let the transmit bloekKXty!, where X! ¢ C3*2. The

receive block at Receiverin Cell j can be written as
vl — xUlgbid 4 xllglil Vv[ji}7 (22)

whereWlil e (32 denotes the AWGN matrix. Different from the IMAC, we use theédrsion of the

interferring link as the receive beamforming matrix

vl (I[ji})—l — XUl (I[ﬂ])_l + XUl 4wl (I[ji])_l. (23)
—_— — T wo
YUl Flil Wiz

By such receive beamforming matrices, the equivalentfierieng links are identical at both receivers in
one cell. This helps the design of alignment precoder, dsbheikexplained later. The transmitter design
is based on the equivalent channel mati%? e C2?*2. Each transmitter collects two symboi,gﬂ

(k € {1,2}), modulated by PSK constellations, for each receiver incle The symbols are encoded
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using Alamouti codes followed by linear precoding as

bl ] (1] (1] [52] [52]
T11 L1 _ S1 52 plil | 51 52 pU2, (24)
j j s [l 2% [j2)«
]| e
S?;l] s?jr2]

where PVl ¢ ¢?*2 are the precoding matrix for Receivein Cell j. We use the precoding matrices

from the downlink IC method [11]. Let then, n)the entry ofHU" be 1. The matrixPl is designed

as
g
crliil oy i) rliileyyliil A epal?
gil _ i | Hi Hi®  Hy Hj i |8 (25)
~[ﬂ 2 ~[;] 2 ;l[jﬂ* B[jz]* )
W) |
T

whereal’’l € R denotes a power control parameter for Receivir Cell j, hY" denotes thenth row
in HV, and

il

HUT — , m e {1,2}. (26)

gL Y
For the details behind the derivation of the designs in (8%, interested reader is referred to [11].
Here, we only explain how alignment is created. The symb:éif,%in (24) are rearranged to generate

the transmit blockX Ul

1 1 2]* 2]*
X = 1 1 X [2] 2 2 27
1]* 1]* 2 2

The four entries in the left-side of (24) carry four indepentisymbols. Recall that the vertical dimension
of XU refers to the temporal dimension. From (27), Transmitteends four symbols in the first two
time slots. In time Slo8, redundant symbols are transmitted to make the submattirm Slots2 and

3 have theswapped Alamouti structure, i.e.,
; (28)

which can be obtained by swapping the columns of an Alamouatirima Transmitter2 sends four

symbols in the last two time slots. In time Slof redundant symbols are transmitted to make the
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submatrix in time Slotd and2 also have the swapped Alamouti structure. It will be showat the
swapped Alamouti structure aligns the interference as.well
Let us further discuss receiver operations. Letthe)th entry of YU in (23) begt[{f]. The receivers

in Cell 1 extract useful symbols using signals received in the firgt time slots as
~[12 ~[1% _ ~14 ~[1i]x  ~[1% ~|17]* :
{yg Do } = {yh]ﬂ/%z] iy — iy } ;e {12} (29)

In Cell 2, receivers calculat({ gl gl } = [ gl g gleile gl gl } , i € {1,2} using signals
received in the last two time slots. Decoding of symbbil} is performed bymgx@,g“s*. The simple
receiver operations are due to the precoder designs in 2din the receiver operations in (23), (29),
and the decoding, only the knowledgeldf! is required at Receiverin Cell j. Transmitter operations
are based oMV, Then, the knowledge AU/ andIl/ for i € {1,2} is required at Transmittef.

1) Alignment pattern: In what follows, we explain how the proposed method aligns ssimbols
in a four-dimensional subspace and how Alamouti designsuseel to protect desired symbols. First,
we introduce some intermediate variables to simplify notet. Note that from (26) and (24), both the
matricesHY andSUi have the Alamouti structure. Since matrix multiplicatiordaaddition are closed

for two Alamouti matrices, we can defimé?'i] eC

7] Lyl rliieprlil fqlieprliil
Cl 02 _ a[ﬂ] [54] Hl H12 . H2 H22 (30)
—c[QM* c[ljz]* Hljl[lji} Hfl[;z}
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as the rotated symbols @fi]. Without loss of generality, we only show alignment at reees in Cell

1. Usmgc”’] we can expand the receive signals of Receiver 1 in (23) Ltéjﬁgas

' ' B[li]* ;L[lf]* R R
Y | o e | [ ][]
= j{: . 7 [14]* 7 [17] ~ ~ + +_‘A]£]
i) iy =12 | =™ H’fﬁfw — Py hyy' o o
i [z
7120 [11) Fh2xj1) f 1207 (1] h[12] h[ 1]
B S I T A
| e e || R REPRA ARG
L e ) 5l
q[[fu
R i i
[12] [12] _ — L L 2 [2
G Ca Hh“””2 Uh[;”Jf H - H th%”lf N Ty Ty + Wi, (31)
noe 2l || AleROn  pieun AR [RRY) 2 [2)
—cy 2221 R —T To1 Loz
H ol R T R
HH2]

The matricesH!'!! € €22 and H['? € (22 are the equivalent channel matrices fgr' and cl'”,

respectively. Let thém, n)th entry of #['!l and 1" be nllY and h!'?, respectively. It can be verified

mn’
that
11] 1 711 112 )2, |5 11] 11]
TR O B 5 s R
e e s e e B
1 2 1 1 2
F (117 [11 F[11)%5[11 F (117 [11 F[11]%5 [11
[1122] _ [2112]* _ h[u] h[12] _ h[21] h[22] _ h[12] h[u] _ h[22] h[21]
4 o = T 2 - 2 N 2 _ 2
T N T

Thus, the matrixH['? has the swapped Alamouti structure that has been defined8i Kbw, let

us explain the use of the swapped Alamouti structure to padtrdmsmit block in (27). From (31),

all interferring symbols are carried |d12] 9:%,9:%,9:51 andx . Note that in (31), the rotated

(12]

symbolsc!® and c)? have the Alamouti structure. It can be verified that muliiplythe Alamouti

(12] (12]

matrix containingc!'? and ¢}'? with the matrix%['? still has the swapped Alamouti structure. Also

from (31), the interfering symbols from Cell 2, i. &jﬂ,x%, are placed in a matrix having the swapped
Alamouti structure (it is created by the padding in (27)).efigfore, all six interfering symbols are
aligned on the swapped Alamouti structure, which occupidy a two-dimensional subspace in the

four-dimensional signal space (we only consider two rexéine slots). Adding receive signals in time
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Slot 3 at most expands the dimension of the interferencepsalesfrom two to four. Then, we are able

to align six interferring symbols in a four-dimensional sphce. This intuitively explains the alignment

pattern. To see a complete picture of the receive signalkespee can expand the receive signals in time
Slot 3 in (23) usingc” as

il 7]
[yf[nl g[u}} — [x[u* x[u*} e +[ > 2 }Jr‘;vgﬂ

31 32 22 21 ~11 711
Py Ty

LIEH e ) 70 by ) 70
. - S[1) 7[11 L / N
— | o [ R | A P 4| 2 B[ || P e
Co 1 7 [12] 7 [12] - - &) G 1) F11) ~ ~
h22 h12 [11} h[ll} h22 h12 h[ll] h[ll]
s s
ﬁ\[;] i b ﬁ‘[IQ] i
" {x[fg xH} ol (32)

[12]

Denote the(m, n)th entry of " andH™ asﬁgj andh, , respectively. Combining (31) and (32),

we can obtain the equivalent vector system equation at R&ckias

g || a p B 0-100 i
gt || p pl B pltah 10 00| [a20] |
gélll]* B ﬁ[2111]* _h[llll}* C[111] h[2112}* _h[lllﬂ* C[112} . 1 0 00 {L'[222]* ) wglll]*
gj£121]* ﬁ[2121]* - h[llzl}* C[211] - h[lllﬂ - h[2112} 0[212} 0100 x[lzl] 12}%121]*
?jélll] _5[2111} 5[1111] _5[2112} 5[1112] 0010 x[lzz] 71’:[),111]
il || Ty Ty Ty ooor| |

[ g | 0-100] [ |
B gL 1000 ([ a2 —pi] )|l
h[2111]* _ﬁ[llll]* C[111] 1000 _ﬁ[1112] _ﬁ[2112] C[112] x[222}* 12}%111]*

= + - + . (33)
h[2121]* _h[1121]* C[211] 0100 _5[2112] 5[1112} C[212] 93[121} @121]*
T Ty 00 10|\ |y Y o !
A 0001 !
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From (33), the interfering symbols to Receivbr(c[llz},cglz},x[fﬂ,x%,x[;l],xi]) are aligned in a four-

dimensional subspace spanned by the columr@.6Fhe two desired symbots' andc!'” are located

in the remaining two-dimensional subspace. The alignmattem is illustrated in Fig. 6. To cancel the

aligned interference, the receiver discagé%} and gj:[,};], then conducts the calculation in (29), i.e.,

~[11 ~[11]# 11 11]% 11 1% 11 ~[11 ~[11]*

?Al ] + ygz} B ﬁ[n] + ﬁgz} ﬁ[m] - ﬁ[u] C[l } n wEl } + w%z] (34)
~[11 ~[11]# 11 1% 11 11]% 11 ~[11 s |

ygz} _yél] ﬁ[u] —ﬁ[zl] ﬁgzu'ﬁ[n} 0[2 } w%z] —w£1]

Two desired symbols occupy only a two-dimensional subspéttethe equivalent channel matrix having
the Alamouti structure Then, the desired symbols are protected by orthogonalnehamctors due to
the Alamouti design.

To summarize the key elements of alignment at Recelvier Cell 1, the precoding matrix used in
(25) creates an equivalent channel ma#X? with the swapped Alamouti structure for the interferring
symbolsgfm]. Transmitter2 aligns to this structure by padding the transmit bIo¢K! in time Slot1. By
using the inversion of the interfering link, six interfegisymbolss!'?, s*'!, ands* are able to align
in a four-dimensional subspace at both receivers in one Itelan be verified that such alignment also

occurs in Cell2. Specifically, alignment is created by the swapped Alamstiticture in time Slot2

and 3 of X,

V. SIMULATION RESULTS

In this section, we compare the proposed methods with celasmission schemes in both the
short-term regime and the long-term regime. Throughowt $kiction, the horizontal axis in all figures
represents SNR measured in dB. Since the noises are noechaim the transmit power of each user
is P, the SNR of the network i$.

Simulations in the short-term regime are performed for t@twork models. We simulate the average
BER performance of the proposed methods. Since the diygyaih is not changed by using any channel

codes, we simulate an uncoded system for simplicity. Thecataxis represents the average BER. It is

2In addition, the rotation in (30) diagonalizes the equirlehannel matrix in (34), thus resulting in symbol-by-sytecoding. For

more details, the interested reader is referred to Prapns2 in [11].

DRAFT



23

averaged over all communication directions. The first grougimulations shows the BER performance
of the proposed alignment method using Alamouti designs ioh&nnels. For comparison, the JaSh
scheme [2] is included. In addition, we have a new modifiechJaBeme that has potential for diversity
improvement. The modified JaSh scheme uses Alamouti codéspoof the JaSh scheme. Recall that
the JaSh scheme create & 2 point-to-point channel after removing the aligned intexfece and
decoupling the symbols from the other transmitter. The fiedliJaSh scheme uses an Alamouti code
for the 2 x 2 channel to improve diversity while providing only half ofettsymbol rate of the JaSh
scheme. Uncoded symboégi] are independently generated from a finite constellationadieve the
same bit rate, different modulations are used for the threthads in Fig. 7. We use BPSK, BPSK,
and QPSK modulations for the proposed scheme, the JaSh sclamm the modified JaSh scheme,
respectively, to achieve/3 bits per channel use per pair node (solid curves in Fig. oAfo include
comparison at another bit rate, QPSK, QPSK, and 16PSK mialwdaare used for the proposed scheme,
the JaSh scheme, and the modified JaSh scheme, respedtvathievel/3 bits per channel use per
pair node (dashed curves in Fig. 7).

Our proposed method achieves a diversity gain of 2, whetleagddSh scheme achieves a diversity
gain of 1. These results verify the analysis in Subsectiti.llit can be observed that the diversity
benefits bring more thamn0 dB gain at BER*0~ for both transmission rates. The modified JaSh
scheme cannot bring diversity improvement: only a divgrgain of 1 is observed from Fig. 7. This
is because the x 2 diagonal channel after removing aligned interference awbdpling symbols has
correlated diagonal entries. The sum of the achievable SdiReach channel is upperbounded by a
term providing a diversity of only 1. The proof for the divitysgain of the modified JaSh scheme is
provided in Appendix C. Consequently, simply using Alamaoides on top of the JaSh scheme cannot
bring diversity improvement.

The second group of simulations compares the extended schétim the downlink 1A [18] in the
two-cell IBC. Note that in our setting, each node has two rams and two symbols are transmitted to
each receiver; while in [18], each node has one antenna amdymbol is transmitted to each receiver.

We extend the downlink IA method in [18] to our double-ani@rsetting to achieve the same symbol
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rate. The system diagram is shown in Fig. 8. The BS uses twsrrd precoders: a random precoder
P and a ZF precodeBl! to null out intra-cell interference. Each receiver utifize receive beamformer
ub’ to zero-force inter-cell interference. Specifically, th® 8ends two symbols to each receiver in three
symbol extensions, which creates a six-dimensional sigpate. The receive beamformei’ € €2*6
rejects four interferring symbols from the other cell by ®évrcing the equivalent channel matrix
(I; ® IV1)P and accepts two desired symbols. The entries in the randecogerP < C** are
assumed i. i. dCA/(0, 1) distributed. The ZF precoddd € C*** cancels the intra-cell interference by
ZF precoding over the equivalent channels! (I; ® IV)P. For channel information requirements, both
alignment methods need the knowledge of the interferring &t the receivers, and the transmitters
require channel information within each cell in additiontbh@ knowledge of the receive beamformers.
Since both alignment methods have the same symbol rate, BP&€d to achieve/3 bits per channel
use per receiver (solid curves in Fig. 9), and QPSK is usedchiewe 4/3 bits per channel use per
receiver (dashed curves in Fig. 9).

Fig. 9 exhibits the comparison. Our proposed method careeela diversity gain of 2, which provides
an approximate array gain a@f) dB at BER = 10~2, compared to the downlink IA method.

In the long-term regime, we simulate and compare the acbievergodic mutual information for the
related methods. An i. i. d. Gaussian codebook is used fdr ewmbols,[j"]. The vertical axis represents
the sum rate (measured in bits per channel use) over all comeation directions. Figs. 10 and 11 show
the ergodic mutual information for the X channel and the IB&pectively. We can first observe that
the proposed method achieves the same DoF gain as the Ja&BhesichFig. 10, and as the downlink 1A
method in Fig. 11. Additionally, in the entire SNR regimey puoposed method has a better SNR offset
compared to the previous methods. For example, in Fig. EOptbposed method outperforms the JaSh
scheme by approximately bits/channel use &NR = 25 dB; in Fig. 11, the proposed method enjoys
approximately8 bits/channel use gain over the downlink 1A methodSatR = 25 dB. Similar gains
are also achieved in the low SNR range. For all compared rdstl@ZF receiver is used to cancel the
aligned interference as well as decouple the desired sigBahce our proposed method incorporates

orthogonal designs between the two symbols from the same ais&F receiver does not incur SNR
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loss when separating these two symbols. On the other handhdagprevious proposed methods, such
an SNR loss occurs during the symbol separation. This imélyt explains the SNR gain in the entire

SNR range.

VI. CONCLUSIONS

In this paper, we have proposed a transmission scheme thiaivas the maximum symbol-rate, i.e.,
§ from node-to-node, with high reliability for the doubletanna2 x 2 X channel. The alignment
scheme incorporates Alamouti designs before using the alared inversion of the cross channel
as the transmit beamformer to align symbols at unintendedivers. Each receiver removes aligned
interference followed by symbol decoupling using IC. Canpsntly, a symbol-by-symbol decoding
complexity is achieved at both receivers. Both simulatind analysis demonstrate a diversity gain of 2
for the symbol-by-symbol decoding in the proposed scherhe implies that a diversity gain of higher
than 1 is achievable in the short-term regime, yet simutiasly with the maximum DoF gain in the
long-term regime. The proposed transmission scheme hasaén extended to two cellular networks,
the IMAC and IBC, to bring the maximum-rate transmissionhwat diversity gain of 2. Significant
BER performance improvement is observed through simulat@mmpared to the downlink 1A method.
Further extension to the two-user X channels with more thant2nnas at each node is also doable by
sending multiple groups of Alamouti codes for each commation direction.

We have also identified that designing alignment for divgrs not straightforward. Using STBCs
on top of the previous alignment method in [2] can neithendprliversity improvements nor maintain
the maximum DoF gain for the two-user X channel. This caltsafio optimization of existing alignment
methods to jointly consider the DoF gain and the diversitynga

Note that the considered network has 2 antennas at each TMbdeachievable diversity is upper-
bounded by the corresponding point-to-point channel. heotvords, the maximum diversity gain for
the considered network & x 2 = 4. Our proposed scheme only achieves the full transmit diyers
whereas the receive diversity gain is only 1. We do not cldiat the proposed scheme is optimal in
terms of the diversity gain. Since our proposed scheme atgsathe desired symbols by ZF, it is possible

to further improve the receive diversity by a joint-decaglof 4 desired symbols at each receiver. Since
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the proposed method needs only four symbol-by-symbol degedthe expense of the joint-decoding
algorithm is the increased decoding complexity. We conjecthat such a joint decoding will result in
a diversity gain of 4.

To embed Alamouti codes into alignment, the network is neggito have infinitely many alignment
modes, because Alamouti codes are rotationally invaridrg.discussed network models have redundant
transmit dimensions. Our design uses a normalized inversfothe cross channels (See Eq.(7)) to
constrain the interference subspace to be an identity xnadtrigeneral, the interference subspace can
be arbitrarily chosen, thus generating infinitely manymtgnt modes. Unfortunately, some interference
networks, e.g., the interference channels without symkielnsions, have finitely many alignment modes
at the maximum DoF gain. Thus, it is not clear how to improveirthdiversity gains by utilizing

orthogonal designs.
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APPENDIX A

TWO USEFUL LEMMAS

To prove Theorem 1, we need some lemmas.
Lemma 1: Let the entries off € C**% be i. i. d.CN(0, 1) distributed. The following instantaneous

normalized receive SNR

(35)

provides diversity gain 1.
Proof. Let the singular values df* be \; and \, such that\; > X\,. Eqn. (35) can be expanded
as

1 L1
’y = —_= _— = .
tr P ED) Hry

Since the smaller singular value carries diversity 1 only [25], the diversity gain ¢fis upperbounded

by 1. Further, we can lowerboundas

11 A2
7= 1 1 1= o
vty wmty 2

Thus, the instantaneous normalized receive SNR in (35)werdoounded by a term with diversity 1.

Therefore, the achievable diversity foris exactly 1. [ |
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Lemma 2: Consider the followingV x 1 vector system equation

y = hys; + Z h;s; +w, (36)
1=2:M
wherew € CV*! have i. i. d.CN(0,1) distributed entries, and the channel vecthgse CV*! are

linearly independent. Le® € CV-M+DxN pe any full-rank ZF matrix such that
thZON—J\/l—i—h (NS {277M} (37)

After ZF, the equivalent channel vector@h; and the noise covariance matrix@Q*. For any designs

of Q, the resulting instantaneous normalized receive SNR Zfteis
7 =hiQ" (QQ")"' Qhy = hjZh,, (38)

whereX is the projection matrix to the null space [bf;, . . ., h,,]. The instantaneous normalized receive
SNR is independent of the designs @Qf

Proof: Let the SVD ofQ be Q = UAV whereU e CW-M+Ux(N=-M+1) yy ¢ CN*N denote
the singular vector matrix and € CWV-M+UxN denotes the singular value matrix. Further denote
A = [.7\ O} where A € RW-M+)x(N-M+1) denotes the diagonal square matrix with all singular

values. It follows
Q" (QQ") ' Q= (UAV)* ((UAV)(UAV)") ™" (UAV)
= V*A*U* (UAVV*A*U*) ' UAV
= V*A*U* (UAA*U*) ' UAV
= V*A*U'U (AA") ' U*UAV
~ VAT (AA) AV = VA ([\[\*)_1 AV = V'V,
whereV denotes the firsiv — M + 1 rows of V. It suffices to verify thatv*V is the projection matrix

to the null space of the subspace spannediy. .., h,,|. For any vectoth € CV*! located in the

subspace ofhs, . .., hy], we can assume it to He = >~ h,c;, wheree; € C is an arbitrary coefficient.
1=2:M

From the ZF constraint in (37), we ha@h;, = UAVh; = 0. SinceU and A are invertible, it follows
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that Vh; = 0. Thus, we have

V'Vh= V'V Y hie = 3V (V) hie =0,
i=2:M i=2:M
Note that the rows oV also form an orthonormal basis for the considered null spélserefore,V*V

is a projection matrix to the null space of the subspace sgghiy [ho, ..., hy]. [ ]
Lemma 2 says all ZF receivers are essentially the same irsteftine output SNR. Therefore, to obtain

general results for any ZF receivers, we can rely on a sp&€iakeceiver that simplifies the analysis.

APPENDIX B

PROOF OFTHEOREM 1

The proof is based on the outage probability of the instadaa normalized receive SN that
has been defined in (16). Since the network is statisticgigrnsetric to each symbol, without loss of
generality, we only study the expression-ofor si'"\. First, we derivey for s!'"!. For M = 2, let the
eigenvalues and eigenvectors (CPE“”)_1 HE2Y (Hm})_1 HI be A\, \, andu,, u,, respectively. The

designs in (5) can be expanded as

u; Uo u; Uo
V[H} = Us U ) V[H] = 02 02 ) (39)
05 09 Uz Uy

. — 11\~ =[21] [==[22]\ "} == [12]
where0, denotes & x 1 zero vector. The eigenvalues éH ) H (H ) H ~ are arranged
asdiag (A, A2, A2, A2, A1, A1). Inserting the designs of transmit beamformers in (4) iXpdives the

received signals at Receivér

[11] S21] [12] &2
ylll = Tl 1 i Ty | 1 i 02 522 1 + wli
[11] (21] [12] [22]
S5 S5 S5 S5
[ | [ o0 | (12 S22
_ ﬁ[ll]v[u} 1 + a[m]g[?l}v[n] 1 i ﬁ[ll]v[u] 1 + 04[22]ﬁ[1”7[12] 1 4wl
[11] [21] [12] [22]
S5 S5 S5 S5
[ ] [ 1) ] 12 | ooy [22)
— T 51 + a[21]ﬂ[21}v[11] 51 X F U S1 s +witl, (40)
e o1 o2 4 o122 2

-~

(I Io]"
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Whereﬁm] = ﬁm (ﬁm]) H[m] I, I, denote the aligned interference; and, o?? are coefficients
to normalize the power of transmit beamformers. Note (M‘E”)_ HE2Y (Hm})_ H 2y, = \;u; due

to the definition of eigenvalue decomposition. %t = HI?! (Hm})_1 H2I, 1t follows H[?'u

)\iH“”u
Replacing the designs in (39) into (40) gives
u; Uy 3[1” u; Uy 5[21] u; Uy I
—1 1 1 —J11
y_ gty W, 4 o2l (I, ® H@”) Wy, + 5 0, 0, + wli

8511} 5[221] I

02 02 02 02 U2 Uy

u; up (1] Aiug Aguy 21] u; us /

—[11 S1 —[11 S1 —[11 1

= H[ } up uy 1] + O‘[QHH[ } Aol AUy 21] + H[ } 05 0 +wlll, (41)
02 02 02 02 U2 Uy

To decouples“” the receiver projectg!!! into the null of the subspaces spanned by the equivalent
channel vectors oﬁ [ } [2” , Iy, and I,. The resulting instantaneous normalized receive SNR
upperbounded by that of the scenario when projecting omwnthl of the subspace spannedsiéﬂ}], 5[121],

and 35”. This upperbound system corresponds to the system equation without aligned irnemfze

~£1] HM u; up 3[111} 21 HI Aiug Aguy 5[121} v~V[ll}
— + ol T )

vy HO | | | )Y HIY | | Aus Ay | | 55 Wy
(42)

T
where [y&”T,y[;} ] corresponds to the first four entries ' with y1 ,y2 € C*!, and similar
notations apply tow1 },w2 C?*!, To simplify the analysis, from Lemma 2, we can use a specific Z

receiver that does not lose generality. We first invert thenolel matrixH!'"! and switch the positions

of si' and s as

(H[”])_IS’F Cw ow sit
(HO) ! S’E] Uy KU oz[21]>\2s[221]
21] ), 421 g e
KU1 Uy « 2S5 W
+ . N ( )_1 11 , (43)
U u Sg] (H[m) Wé}
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where . denotes the ratio of the eigenvalues (dﬂ“”)_le (H@?})_IH“?}, ie., x = jL. Define

u = [u; uy] as the eigenvector matrix c(iH[”])_1 H?2U (H[QZ])_1 H" and

01 k 0
P= Q= : (44)
1 0 0 1

To cancels!”! andsl'"), the receiver calculateg € C>*! as

T
v = (H[ll])—lygl] _ uQ(H“”uP)‘lyg] _ (u —uQ (uP)—l uQP) 8[111} a[m})\gs[;l]
+ (H[11})—1v~v£1] - u(QP_l)u_l (H[n})—l V~V[2ﬂ
T
— (1 -K)u [ S iy, g2 ] T+ E) - uqPut (EI) (45)

Note that the equivalent channel matrixus To further decouple!™ from s by ZF, the receiver

multipliesu~! to the left side ofy to achieve

T
ul'y = (1— k) [ sttt 21y, 52 } +u ' H"Y WY - QPru @ M)W (46)

w

Since the entries iﬁv%” andx?vé” arei.i. d.CN(0, 1) distributed, the covariance matrix of the equivalent

noise vectorw can be calculated as
S — u! (H[ll}*H[ll])_l ()" + QPu! (H[ll}*H[ll])_l (u)"PQ. (47)
To decodes!", the receiver uses the, 1)th entry of  as the variance for noise. Denote
A = (wHMHMY) (48)

and its(z, j)th entry asj;;. The noise variance in the decoding#f” can be calculated ag; + k3.
The instantaneous normalized receive SNR for this upperdbeystem can be expressed as

/ (1 _’%)2

= . 49
911 + K202 (49)

v

Now, we focus on the outage probability of Let ¢ be an arbitrary small positive number. The outage

probability of the upperbound system can be expanded as

P(y<e)>P(y <e)> P <€l <|r| <2)P(1< |k <2). (50)
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Using the conditionl < |x| < 2, we can further upperbound by " < % = trgA. Thus, we have

€
— | P(1< < 2).

P(y<e)>P (
Recall thatx is the ratio of the eigenvalues aéﬂm)_1 a1 (HW})_1 H2, All channel matrices are
independently generated from a continuous distributidrusT P(1 < || < 2) is a bounded nonzero
positive number. It suffices to rely on the scaling of the gatarobability ofﬁ. From the definition

of A in (48), we have

1 1 1 2
= = < .
trA 4 ((u*H“”*H[lllu)_l) tr ((H[ll}*H[ll])—l (uu*)_l) tr ((HI=HI)-1)

The inequality in the last line is valid becaua@* < tr (uu*)I, = 2I,, wheretr (uu*)I, — uu* is a

positive definite matrix. Applying Lemma 1 to the term

1 - - . .
o ) results in a diversity gain

of only 1. Thus, the achievable diversity f% is not larger than 1. This concludes the proof.

APPENDIX C

DIVERSITY ANALYSIS FOR THE MODIFIED JASH SCHEME

The modified JaSh scheme collects two alignment blocks aesl Almouti codes as the inner codes.
The resulting instantaneous normalized receive SNR is the of those ofs!'! and s} in the Jash
scheme. In this appendix, we present the analysis for thefimddaSh scheme.

Theorem 5: In the short-term regime, the achievable diversity gainhef tnodified JaSh scheme is
no more than 1 for thé x 2 double-antenna X channel.

Proof: The analysis is similar to the proof of Theorem 1. From (44¢, instantaneous normalized
receive SNR ofs}' can be obtained from that af'! by swappingu; andu,. Similar to the specific
ZF receiver in (45) and (46), we can obtain an upperbound enirthtantaneous normalized receive
SNR of s from (49) as

[11] < (1 — H)Z
2 K2(511 -+ (522 ’

wherex anddé;; are defined in (43) and (48), respectively. Since the use afmalti codes accumulates

the SNRs ofs!" and s}'"!, we have

7[11} i 7[11} - (1—r)? (1—rx)?
! 2 511 -+ H2522 I€2511 + 522 ’
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The conditional bounding technique in (50) can be straggiatérdly applied as

1—k)? (1—r)?
P(“” “”<)>P ( <ell<l|kl<2)P1<lkl <2
’}/1 +,}/2 € 511 —|—Kl2622 + /{2611 +622 E| — |K’| = ( — |K| — )

1 €
>P| ——— < — | P(1< < 2).
(511+522 18) 1<l <2)

The rest of the proof is similar to that of Theorem 1 by showtimagt the scaling of the outage probability

of P (ﬁ < e) has only diversity 1. This concludes the proof. [ |

The results of Theorem 5 are surprising. Although the instaous normalized receive SNR, ! and
[11]

v5 ' are correlated, they are still distinct. Theorem 5 impliest the sum of two distinct SNRs is not

sufficient to achieve a diversity of 2.

APPENDIX D

PROOF OFTHEOREM 3

The proof is based on the outage probability of the instatas normalized receive SNR f "

Since the design is symmetric for all symbols, similar dsitgrresults apply to the decoding of other

ﬂ[lm]* B ﬂ[221]*
[ e

symbols. LetH?! = [ ] , HIM = [ﬂ[lm* ﬂg”*r. The equivalent system in (14)

can be rewritten as

] Wy

(1] .
3 A A S A W1
y = \/;H[zl]*H“” S . (51)
8[211

The covariance matrix of the equivalent noise vectdli¥* X, H2!, whereX, = diag (1,2,1,2). Let
~ N A ~ ~ ~ ~ T
the first column offIl be hi'Y, whereh!" = [h[fl” Pt it h[;;}*} . The instantaneous normalized

receive SNR ofs!"! can be expressed as

3 (er2ten ™ (Frl2l)ss ¥ 11 11
y=1 (H[m} hl ]) (H[m} ZWHm) Fi2Usp M,

. . . . -1, .
Definey = h{"*F2! (H[Qll*H@”) HEUh!", 1t can be shown tha}y > v > 25. By (16), v and
~ have the same diversity. Thus, we focus on analyzing thegeutaobability ofy to get rid of Xy,.

Since the columns ofI2!! are orthogonaly can be further simplified as
—1

1 (Lt [21] e [21]0
b HPIE R R (52)

Y
I

_|_
- 2 2
H[lzu H 9

ﬂgzl})

2

b[21]
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It is complicated to analyze the distribution ®fdirectly. Instead, we fixd?!, H'? andH??, and
allow only H' to change. ThenH™! is fixed, whereah!" is still a random vector. SincBIl'! =
e 12 1H( 12)-THM it can be shown that the conditional distribution pfis a generalized Chi-

square distribution with degree 2. The covariance matrthefcomponents in the generalized Chi-square

distribution can be calculated as

P — E pRUF2U [ U ey l21] — pl21lfyl21)+ B <f1[11]f1[11]*> Fr2u
HLHE, (,4)#(1,1) t HOUHDD G2 N

(53)
The equality holds becaudé?! only depends o2, which depends o#i2!) andH2?. Thus,H2!
is independent fronH[. It can be calculated thaE < 170 ) H H (h[“]h[“]*)

H H2 andE < “”h[l”) =0 for i = 1,2, where (HU ) denotes théith row of (H[12]) . Let

Oz = diag (”(HM ng% H HT] 2»1”2) The covariance matrix can be simplified as

[21} H ®H 12] H 21} I:I[221]*®H[12] I:I[221]

Given the covariance matrix, we calculate the outage piitityabf 5 conditioned orH =", H?, and

(54)
q(21]
1

H[?2. Denote the eigenvalues @ as\; and\,. Since the distribution of is a generalized Chi-square

ex A1 ex A2)
with degree 2, the probability density function (pdf)pis f; = p v<2 ) ¢ pA(Q_V/ . It follows that

€ exp <——;’ ) exp <——;’ ) B
5 (21] gyli2] gyl22]y — ! 2
P (7 < eHY HYY H ) /0 SV + A dA

= M 1 —ex € — A2 1 —ex <
YD PN T = PN
Al € A2
=1 = _
>\1—>\zeXp< )\1)+)\1_)\Zexp

A e € A2 € € 9 € 9
—1- -4 C -2 _ .
)\1—>\2< )\1+>\)+)\1 )\2< N ) o) =55, o)
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Using (16), the diversity gain of can be calculated as

1 E P < H[M’ N 1,1
g P(y <) . HugaA (v < MY, G.0) # (1,1))
d=1lim———"——2 =1lim
e=0 log e e—0 log ¢

log € ( E Allh) + o(€?)
= lim .

HUil
e—0 log €

Obviously, the achievable diversity gain is 2 if and onIyIE Pew A is bounded by a limited number.
HLi
Next, we show thatEi W is upperbounded by a limited number, followed by being Idvwanded

by another number.
Theorem VI.7.1 in [26] introduces a lowerbound on the deteamt of the sum of two Hermitian
matrices. Since 2 is a diagonal matrix, we hawéet ® > det Oz . It follows,

1 1
E - £ —<FE — < E ———
HUIA Ny  HUldet ®  wHOzdet Oypy  HI2det Mgpa

(55)

whereMgz = (H[’T(]) (H[12‘]‘*

the diagonal entries @12 and M2 are the same. Let the eigenvaluedBtZH!'?* be z; anda,,

. The last inequality is valid because of the Hadamard inktgusaince

whose joint pdf can be expressed Q-%\saxp ( ﬂ) (r; — x2)2. The RHS of (55) can be calculated
as

1 )
~ E M: E (2+@+ﬂ):2+21@ 2
o)

a2l det Mgz T1,T2 Xy Ty 1,22 X 71,22 L1

) 5 o 1 2, .2
g 22 ﬁe xp (_xl —i—x2) (1 — 22)%dayds < o /$1$2 exp (—xl ;x2) dridzy = —
T

1,22 11 27T 2

The last inequality holds because, — z3)> < z?. Thus, we have shown thaE W is upper-

bounded by2 + % Finally, we show the lowerbound. Since the sum of the dlagentnes INO g2
H G N [N

NN

[21]* [21] [21]* [21]
bl21] (H H_ | H, H ) — 1,. It follows,

CE

is equal to 1, i.e., = 1, we have®ynz < I,. Then, from (54 <

1 1 1
E—=E > =
HUI M Ay  HUldet ® ~ det Iy

Therefore, E is lowerbounded byi.
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Transmitter 1 - Receiver 1
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:j STBC ;:‘ beamforming Decodingt—
Transmitter 2 Receiver 2

Fig. 1. IA designs using Alamouti codes for tBex 2 double-antenna X channel.

Receiver 1 Receiver 2

ol

Fig. 2. Receiver signal space using the Alamouti designshBarow represent one equivalent channel vector. Eaclivezagbserves a
6-dimensional signal space. Two dimensions are for alignégtfierence, and the remained four dimensions are foretesiymbols. The

equivalent channel vector eﬁji] is orthogonal to that oﬁ[;”.

)/ R
E ' .§ \\\

| - ;
211, — .
19] / 21
SL: ]‘ .§ : - - N ] %. g‘
Jz SEZZ s[AZZ] H{221 /
J = 2
LN J/ P

Fig. 3. Network models of the two-cell IMAC and the IBC. In &acell, one BS is serving two users. Transmission in one cekites

interference to the other cell. The desired links are regmiesl by solid lines, whereas interferring links are repmésd by dashed lines.
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Fig. 4. Proof of the outerbound on the DoF region of the IBC: adified IBC (left side) and a Z channel (right side).
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Fig. 5. System diagram of the proposed transmission metiade two-cell IBC.
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Fig. 6. Alignment in the six-dimensional receive signal gpaEach arrow represents two dimensions carry;ikﬁﬁ, k € {1,2}. Six

interferring symbols are aligned in four-dimensional gdr®. The remaining two dimensions are for desired symbols.
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scheme (labeled as ‘Alamouti+JaSh’). Rdtes measured as bits per channel use per node pair.
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Fig. 8. System diagram for the extended downlink interfeeealignment [18] in the two-user double-antenna IBC.
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BER comparison in the X channels for the proposed atethabeled as ‘AlaAlign’), the JaSh scheme, and the modidi@8h

DRAFT



39

10 ;
107
107k
x
L
[a]
107
4| |
10 AlaAlign, R=2/3 ]
-A-Downlink IA, R=2/3
AlaAlign, R=4/3
-A-Downlink 1A, R=4/3
10_5 1 1 1 L L L L L
0 5 10 15 20 25 30 35 40 45

SNR (dB)
Fig. 9. BER comparison in the IBC between the proposed meflaimbled as ‘AlaAlign’) and the downlink IA method (labeled

‘Downlink 1A). Rate R is measured as hits per channel use per receiver.
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Fig. 10. Achievable ergodic mutual information in the tweeu X channel.
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Achievable ergodic mutual information in the twaltdBC.
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