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Abstract—For the multiple-input multiple-output interfering
multiple-access channels (IMACs), opportunistic interfer-
ence alignment (OIA) using the singular value decomposition
(SVD)-based beamforming at each user fundamentally reduces
the user scaling condition required to achieve any target DoF,
compared to that for the single-input multiple-output IMAC.
In this paper, we tackle two practical challenges of the existing
SVD-based OIA: 1) the need of full feedforward of the selected
users’ beamforming weight vectors and 2) a low rate achieved
based on the exiting zero-forcing receiver. We first propose a
codebook-based OIA, in which the weight vectors are chosen from
a predefined codebook with a finite size so that information of
the weight vectors can be sent to the belonging BS with limited
feedforward. We derive the codebook size required to achieve the
same user scaling condition as the SVD-based OIA case for both
Grassmannian and random codebooks. Surprisingly, it is shown
that the derived codebook size is the same for the two codebook
methods. Second, we introduce an enhanced receiver at the base
stations (BSs) in pursuit of further improving the achievable
rate. Assuming no collaboration between the BSs, the interfering
links between a BS and the selected users in neighboring cells are
difficult to be acquired at the belonging BS. We propose the use of
a simple minimum Euclidean distance receiver operating with no
information of the interfering links. With the help of the OIA, we
show that this new receiver asymptotically achieves the channel
capacity as the number of users increases.

Index Terms—Codebook, degrees-of-freedom (DoF), interfering
multiple-access channel (IMAC), limited feedforward, oppor-
tunistic interference alignment (OIA).
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I. INTRODUCTION

NTERFERENCE alignment (IA) [1], [2] is the key ingre-

dient to achieve the optimal degrees-of-freedom (DoF) for
a variety of interference channel models. The conventional
IA framework, however, has several well-known practical
challenges: global channel state information (CSI) and ar-
bitrarily large frequency/time-domain dimension extension.
Recently, the concept of opportunistic interference alignment
(OIA) was introduced in [3], [4], for the K -cell single-input
multiple-output (SIMO) interfering multiple-access channel
(IMAC), where there are one A -antenna base station and N
users in each cell. In the OIA scheme for the SIMO IMAC,
S (S < M) users amongst the N users are opportunistically
selected in each cell in the sense that inter-cell interference
is aligned at a pre-defined interference space. Even if several
studies have independently addressed one or a few of the
practical problems (see [5], [6]), the OIA scheme simultane-
ously resolves the aforementioned issues. Specifically, the OIA
scheme operates with 1) local CSI acquired via pilot signaling,
ii) no dimension extension in the time/frequency domain, iii) no
iterative optimization of precoders, and iv) no coordination be-
tween the users or the BSs. It has been shown that there exists a
trade-off between the achievable DoF and the number of users,
which can be characterized by a user scaling condition [4], [7],
[8]. Similarly, the analysis of the scaling condition of some
system parameters required to achieve a target performance
have been widely studied to provide a remarkable insight into
the convergence rate to the target performance, e.g., the user
scaling condition to achieve target DoF for the IMAC [3], [4],
[71, [8], the scaling condition of the number of feedback bits
to achieve the optimal DoF for multiple-input multiple-output
(MIMO) interference channels [9], [10], and the codebook
size scaling condition to achieve the target achievable rate for
limited feedback MIMO systems [11]-[13]. For the SIMO
IMAC, the OIA scheme asymptotically achieves KS DoF,
for 0 < § < M, if the number of per-cell users, IV, scales
faster than SNR 1) [4], where SNR denotes the received
signal-to-noise ratio (SNR). Note that the optimal DoF is
achieved when S = M.

For the MIMO IMAC, where each user has L antennas, the
user scaling condition to achieve K.S DoF can be greatly re-
duced to SNRE=DS~L+L with the use of singular value de-
composition (SVD)-based beamforming at each user, by further
minimizing the generating interference level [7]. However, to
implement the SVD-based OIA with local CSI and no coordi-
nation between the users or the BSs, each beamforming weight
vector is computed at each user, and then information of the se-
lected users’ weight vectors should be sent to the corresponding
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BS for the coherent detection. In addition, although the OIA
based on the zero-forcing (ZF) receiver at the BSs is sufficient
to achieve the optimal DoF, its achievable rate is in general far
below the channel capacity, and the gap increases as the di-
mension of channel matrices grows. In this paper, we would
like to answer the aforementioned two practical issues of the
SVD-based OIA.

In recent cellular systems such as the 3GPP Long Term Evo-
lution [14], each selected user should transmit an uplink pilot
(known as Sounding Reference Signal in 3GPP systems) so
that the corresponding BS estimates the uplink channel matrix,
which is widely used for channel quality estimation, downlink
signal design assuming the channel reciprocity in time division
duplexing (TDD) systems, etc. The effective channel matrices
rotated by the weight vectors should also be known so that the
BSs perform coherent detection—the matrices can be acquired
by the BSs through either of the following two methods: 1) addi-
tional dedicated time/frequency pilot (known as Demodulation
Reference Signal in 3GPP systems [14]), where the pilots are ro-
tated by weight vectors [15], [16] and ii) limited feedforward of
the indices of the weight vectors (as included in Downlink Con-
trol Information Format 4 [17]). For the first method, however,
the system capacity can be degraded as the number of selected
users increases due to the increased pilot overhead [18], [19].
For a reliable transmission, the length of pilot signaling also
needs to be sufficiently long [20], [21]. Furthermore, in cellular
networks, long training sequences or disjoint pilot resources for
all users in each cell are required to avoid the pilot contamina-
tion coming from the inter-cell interference [22]. For these rea-
sons, practical communication systems such as the 3GPP stan-
dard allow highly limited resources for uplink pilot. On the other
hand, the second method using the limited feedforward is prefer-
able especially for the MIMO IMAC in the sense that feedfor-
ward information can be flexibly multiplexed with uplink data
requiring no additional pilot resource. Several studies [18], [19],
[23] have addressed the same issues on the feedforward of the
weight vectors for multiuser MIMO systems, and have proposed
the design of codebook-based precoding matrices.

In the first part of this paper, we introduce a codebook-based
OIA scheme, where weight vectors are chosen from a pre-de-
fined codebook with a finite size such that information of the
weight vectors of selected users is sent to the corresponding
BS via limited feedforward signaling. Two widely-used code-
books, the Grassmannian and random codebooks, are used. Sur-
prisingly, although the granularity of the Grassmannian code-
book is higher than that of the random codebook for a given
codebook size, our result indicates that for both codebook ap-
proaches, the codebook size, required to achieve the same user
scaling condition as the SVD-based OIA case, coincides. It is
also shown that the required codebook size in bits increases lin-
early with the number of transmit antennas and logarithmically
with the received SNR, i.e., the required codebook size scales
as L log, SNR.

In the second part, we propose a receiver design at the BSs
in pursuit of improving the achievable rate based on the ZF re-
ceiver. The design is challenging in the sense that local CSI and
no coordination between any BSs are assumed, thus resulting
in no available information of the interfering links at each BS.
Thus, the maximum likelihood (ML) decoding is not possible
at each BS since the covariance matrix of the effective noise
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Fig. 1. The MIMO IMAC model.

cannot be estimated due to no information of the interfering
links. We propose the use of a simple minimum Euclidean dis-
tance receiver, where the ML cost-function is used by assuming
the identity noise covariance matrix, which does not require in-
formation of the interfering links. We show that this receiver
asymptotically achieves the channel capacity as the number of
users increases.

Simulation results are provided to justify the derived user
and codebook size scaling conditions and to evaluate the per-
formance of the minimum Euclidean distance receiver. A prac-
tical scenario, e.g., low SNR, small codebook size, and a small
number of users, is taken into account to show the robustness of
our scheme.

The remainder of this paper is organized as follows.
Section II describes the system and channel models and
Section III presents the proposed codebook-based OIA scheme.
Section IV derives the user and codebook size scaling condi-
tions of the proposed OIA scheme along with two different
codebooks and Section V derives the asymptotic performance
of the minimum Euclidean distance receiver. Section VI per-
forms the numerical evaluation. Section VII summarizes the
paper with some concluding remarks.

Notations: C indicates the field of complex numbers. (-)*
and (-)H denote the transpose and the conjugate transpose, re-
spectively. L, is the (n x n)-dimensional identity matrix.

II. SYSTEM AND CHANNEL MODELS

Consider the TDD MIMO IMAC with K cells, each of which
consists of a BS with M antennas and N users, each having
L antennas, as depicted in Fig. 1. It is assumed that each se-
lected user transmits a single spatial stream. In each cell, S
(5 < M) users are selected for uplink transmission. We as-
sume that . < (K — 1)S + 1 and M < K&, because all
inter-cell interference can be completely canceled at the trans-
mitters or receivers otherwise [7]. Let HI#! € €M*L de-
note the channel matrix from user ;7 in the «th cell to BS k.
A frequency-flat fading and the reciprocity between uplink and
downlink channels are assumed. Each element of H, lis as-
sumed to be an identical and independent complex Gaussian
random variable with zero mean and variance 1/L. In addition,
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quasi-static frequency-flat fading is assumed, i.e., channel coef-
ficients are constant during one transmission block and change
to new independent instances for every transmission block. User
7 in the ith cell estimates the uplink channel of its own link,

{ 7l (k=1,.... K), via downlink pilot signaling transmitted
from the BSs; that i is, local CSI is utilized as in [6]. Without loss
of generality, the indices of the selected users in each cell are
assumed to be (1,...,.5) for notational simplicity. Then, the
received signal at BS ¢ is expressed as:

S
yi= 3 Hllylial fi
=1
K S
+ Z Z H£k77’L]W[k’m].’l:[k’m} +z;, (1)

k=1,k#im=1
N v
~~

inter—cell interference

where wil € CL*! and z[%9] are the weight vector and
transmit symbol with unit average power at user j in the ith
cell, respectively, and z; € CM>1 denotes the additive white
Gaussian noise at BS i, with zero mean and the covariance
Nolypy.

III. PROPOSED CODEBOOK-BASED OIA: OVERALL PROCEDURE

The proposed scheme essentially follows the same procedure
as that of the SVD-based MIMO OIA [7], [8] except for the
weight vector design step. For the completeness of our achiev-
ability results, we briefly describe the overall procedure for all
the steps.

A. Offline Procedure—Reference Basis Broadcasting

The orthogonal reference basis matrix at BS %, to which
the received interference vectors are aligned, is denoted by
Qr = [dk1, -, 9kn-5] € CMX(M=5) Here, BS % in
the kth cell (¢ € {1,...,K}) independently and randomly
generates ¢, € CM*! (m =1,..., M — ) from the M-di-
mensional sphere. BS % also finds the null space of Q, defined
by Uy = [up.1,- .., up,s] 2 null(Qy), where uy, ; € CM*1 s
orthonormal, and then broadcasts it to all users. Note that this
process is required only once prior to data transmission and
does not need to change with respect to channel instances.

B. Step 1—Weight Vector Design

Let us denote the codebook set consisting of V; elements as

Cs 2 {c1,...,cn, }, where ¢y, ... . cn, € CLXlare chosen
from the L-dimensional unit sphere. Then the number of bits to
represent C; is denoted by 1y = [log, Nf]. Let w(*l denote
the weight vector at user 7 in the ¢th cell. Each user attempts to
minimize the leakage of interference (LIF) 5l*7! defined by [4],

[7]

lid] =

|utH @

k=1 ki

L Hg[i\i]w[i,jl ?

where Gl+7] is the stacked interference channel matrix given by

Glijl 2 (Ull-IH[liJ]> (UH lH[Z 7])
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(un H[?*ﬂ)T
1+1" 41
Let us denote the SVD of GL#7] by

Gliil = glilnliidy i &)

where Eldl ¢ CE-1SXL and VIail € CL*L are left- and

right-singular vectors of G *7, respectively, consisting of L or-

thonormal columns, and 2% = dng(ag A o*[L ]) Here,

m[ﬂ J] denotes the mth singular value of Gl where a[ 9] >
- > a%"”. Then, wl®7 is chosen from C; by

(v%’j])Hc ’
§

witil = arg max
cel

)

Clearly, the weight vector minimizing 5>/ is the Lth column

of V441, denoted by VB: 31 and this precoding is subject to the
SVD- based OIA.

C. Step 2—User Selection

Each user reports its LIF metric in (2) to the corresponding
BS, and then each BS selects S users, having the LIF metrics
up to the Sth smallest one, amongst N users in the cell. Sub-
sequently, each selected user forwards the index of w*#! in the
codebook to the belonging BS.

D. Step 3—Uplink Transmission and Detection

If all the selected users transmit the uplink signals simulta-
neously, then the received signal at BS z is given by (1). As in
the SVD-based OIA [7], the linear ZF detection is sufficient to
achieve the maximum DoF. The decision statistics r; at BS 7 is
obtained from

A
v;=[ri1,....rs]" = FiUMy,, (6)
where F; € C5*% is the ZF equalizer defined by

F, = [fj,:17 - ?fhs]

_ H
([ommiw, . o] )

1]

Note that multiplying U to y; cancels interference aligned at
Q;. The achievable rate R[*] is then given by

SNR
i ,17 + Itod] )7
(7
where SNR = 1/N, and

K S
j[i"ﬂ é Z Z |f.,j:jHU7jHH£k7m]W[

k=1k#i m=1

Rl = log, (1 + SINRM) =log, (1 +

2
k] "SNR.

Fig. 2 illustrates the principle of the proposed signaling for
K =2, M = 3,and S = 2. If interference HE"”"”]WU""’”}
in (1) is perfectly aligned to the interference basis Q;, i.c.,
H""wlkml ¢ span(Q;), then interference in r; of (6)

vanishes because UHH[L mlleml — g, As illustrated in

Fig. 2, the value ||Uf{HEk gyl || represents the amount
of the signal transmitted from user n in the kth cell to BS ¢
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closest

User 1

‘“‘3 witxt

HI2y(12)

HiMhy i)
User 2

BS1

more misalignment due to
the limited codebook

BS 2

Fig. 2. The codebook-based OIA where K’ = 2, M = 3,5 = 2.

that is not aligned to the interference reference basis Q;. This
misalignment becomes higher than the SVD-based OIA case,
due to the finite codebook size.

IV. ACHIEVABILITY RESULTS

It was shown in [7] that using the SVD-based OIA scheme
leads to a comparatively less number of users required to
achieve the maximum DoF in the MIMO IMAC model. In this
section, we derive the number of feedforward bits required to
achieve the same achievability as the SVD-based OIA case in
terms of the DoF and user scaling condition when two different
types of codebook-based OIA schemes, i.e., the Grassmannian
and random codebook-based OIAs, are used.

In our analysis, we use the total DoF defined as [1]

DoF =
¢ log, SNR

lim

SNR—co

where Rl is the achievable rate for user j in the ith cell and
SNR = 1/N,. The maximum achievable DoF under the as-
sumption of selecting S spatial streams per cell is K'S. The
outer-bound on the DoF for the channel is known to be KM
[7], which can be obtainable if S = M.

In addition, interference decaying rate of the codebook-based
OIA is characterized and then compared with the results on DoF
achievability. DoF achievability for L > (K — 1)S + 1 is also
analyzed.

A. DoF Achievability: Grassmannian Codebook

We start with the following three lemmas which shall be used
to establish our main theorem.

Lemma 1: For any given codebook, the LIF metric 5l*7! in
(2) is upper-bounded by

. 2 9 a2
7][2,.7] S 0.[[’;31} + d[l,ﬂgo.g’/ej] . (8)
where dl7] is the residual distance defined by
L .12
d["’:]} — \/1 _ W['i,,j]Hv[lllv]] (9)
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and a,[i,';fj l'is the mth singular value of the stacked interference
channel matrix in (3).

Proof: Since V[L"’ﬂ is isotropically distributed over the
L-dimensional sphere with identically and isotropically dis-
tributed (i.i.d.) complex Gaussian channel matrices [24], the
weight vector wl*7! chosen from a codebook can be written
V1 — dia®y 9l g gliilglid) [13], [25], where
0< dli-a)? < 1 accounts for the quantization error and t[*4] is
a unit-norm vector i.i.d. over null(vi?!). Then, /9] in (2) is
bounded by

by wlil =

2
lid] = H,/l PGy g gl (1)
S(l_ﬂmﬁyﬁﬂz+ﬂmPWymmm]2 )
) . .12
<ol g d ol (12)

where (12) follows from ||G#21gl-d] ||2 < 0[1”]2 for any unit-
norm vector t%7], which proves the lemma. [ |
Now, we further bound the LIF metric for the Grassmannian
codebook as follows.
Lemma 2: By using the Gras2smannian C()Qdebook, -l is fur-
ther bounded by 7l < gl#1” 4 o0
the number of feedforward bits given by

|\ o
Vf: N—f

and N is the number of elements in the codebook set.

Proof: The Grassmannian codebook C; is the set of code-
words chosen by the optimal sphere packing for the L-dimen-
sional sphere; namely, the chordal distance of any two code-

, where vy denotes

(13)

words is all the same, i.e., /1 — |c,,-,ch|2 = d foranyi # j

and d > 0. Based on this property, the Rankin, Gilbert-Var-
shamov, and Hamming bounds on the distance of the codebook

give us [25], [26]
1\ @D
(N_f) . (14)

For large Ny, the third term of (14) becomes dominant, thus
providing an arbitrarily tight bound. Inserting (14) to (8) proves
the lemma. ]
From Lemma 2, we also have the following lemma.
Lemma 3: For the Grassmannian codebook, it follows that

pldl < n[é’é] where

. — 7
J6d1? < min 1 w’
- 2’ ZL(]Vf — 1)

12 2
ifaE"'] <(1+ 6)1/fagt’ﬂ

otherwise,

i (15)
CQO'LL'J

i { Chrye il
il _ 1750
Nac =

for any constant 4 > 0 independent of SNR. Here, C; = (24 6)
and Co = (1 +1/(1 +6)); thus, 1 < Cy < 2.

Now we are ready to show our first main theorem, which
derives the number of feedforward bits, required to achieve the
same user scaling condition as the SVD-based OIA case, for the
proposed OIA with Grassmannian codebook.
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Theorem 1: The codebook-based OIA with the optimal
Grassmannian codebook C; [24] achieves the user scaling
condition of the SVD-based OIA if!

n; = Q(Llog, SNR) bits. (16)

Moreover, under the condition (16), K'S DoF are achievable
with high probability if N = w(SNRE-DS-L+1y,

Proof: Let us start from showing the following simple
bound on SINR!"7 in (7):

SNR/ [If: ;1|

SINRE! > LIl
1+ Il

(17

o i 2
where 109 2 530S IUTHE M wlbmlSNR.
Suppose that I1%9] < ¢ for some constant ¢ > 0 independent
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From the fact that the sum of received interference at all the BSs
is equivalent to the sum of the LIF metrics [4], [7], i.e.,

X X s K S
Z Z Z H HHEk ,m] [z 7l Z Z n[i,f]7 (20)
=1 m=1 e

we can bound P as

K S
> [i.d] «
P_SNlrltIEooPr E;ZI <e
i=1 j—1
- SNR !
> I . ¢ il < ; .
_Slel{lgooPI{rl 7E Vi € K, VJES} 21

At this point, let us choose Ny such that N}/(L— Y > gNRAHY)
forv > 0, i.e.,

of the received SNR so that each user achieves 1 DoF. By this ny = logy Ny > (1 4+ v)(L — 1) log, SNR, (22)
principle, we obtain a lower bound on the achievable DoF for o .
the codebook-based OIA as resulting in (16). From (13) and (22), v¢ is bounded by
vy =N YD < gNR-0HD), (23)
Dol > KS - P, (18) .
Now we consider the LIF-overestimating modification by using
where the upper bound néc} in Lemma 3. From 5[] < Ué’] Iand 21),
we have
; o ;. eSNR™
P2 lim Pr {I[”} <€, Yuser j and BS i, P> hm Pr {7)[GJ] <———, Viek, vy GS} (24)
SNR—o0 K52
) A -1
eSE{1,...Shiek2 (... K}}. (19 A i SSNRT .
J {1, 8} { by (9 zPGC:SN%EmPr{ [ngggw, Viek, Vjes
'We use the following notation: i) f(2) = O(g(x)) means that there exist .
constants M and m such that f(z) < Mg(x) forall 2 > m.ii) f(x) = & [J[Ii 12 (1—|—5)Vf01 i , Yie K,
o(g(x)) means that hm {7(@) =0. 111)f( = Qg(x)) ifg(x) = O(f(l))
V) f(2) = wlg(@) it g(z) = o(F(2)). V) flx) = Og(x)) if f(z) Vie N 21 NYL os
Olaon) and ooy £ OCHo, J € (ERERRE }} (25)
i,5]2 512 . .
Pac = SNl}l{Igoo Pr {G'[L J] >(1+ 6)Vf0'£ d ,Vie K, Vj e J\/}
N
=p.
~1
! ) o SYR
SNl}l{Hj) . Pr { {there exist less than S users per cell such that 7., < %52
(1,41 IS -
& [aL > (14 6)rpot ), Vie K, ¥j e N] } (26)
S—1 1 m
; ; N [id] o SNR Vglidl? < glil?
— - . ‘7. < 1 < 3
Sl\'lflllgoo pe SleliIEocmZ:o <m) {Pl {W‘C - K&? el + 8o =
N—-m
;2 ;12 eSNR ™! ii2
x| Pr {(1 + oo < ol bR S or” } 27)
2p,
S-1
> . . o (. m N—m
2 gl e~ g 2 NTRST @3

m=0
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From the principle Pr{.ANB) = Pr(B) — Pr(.A°NB) for sets A
and B, (25) can be rewritten as (26), shown at the bottom of the
previous page, where (27) follows from the fact that the statis-
tics of each user is independent of each other, and (28) follows

. . — . 42 .2
[4.4] < eSNR ™! &(1+6)Vf0’£z’]} S O_[IZ/-]] } S 1

lgc = “Ks?

For the rest of the proof, we show that (28) tends to one under
certain conditions. In Appendix A, we first show that for given
4 > 0 and é > 0, it follows that

from Pr {

c 1 _ (A8 (K —-1)S—L+1)
Jim pe=1iN=0 (SNR ) (29)

Now we show that the second term of (28) tends to zero as the
SNR increases. From the fact that Pr{[4 < B)&[C < B]} =
Pr{[A < BJ|lA > C}Pr{A > C} + Pr{[C < BJ|4 <
C}Pr{A < C} for random variables A, I3, and C, the proba-
bility P, can be written as

19 -9 2
P, =Pr { (1 + 5)1/f0[11"]] < (IE’J] ‘ 1+ 6)l/fa[1w]

N eSNR™1)
= C,ks? [P

SNR ! ;2 ;2
+Pr { £ < U[L"J] ‘ 1+ 6)1@05"]}

CyK 82

eSNR. !
Yt (1—p!
< i)

C3 K52
any given channel instance, we have

> ] 1
where g, = Pr{ (1 + 8)vpol " > SNLLL From (23), for

. /
SNH oo P
3 112 _ eSNR7!
< . . . l*(1+‘r') [i,4] >
< SNI}l{lgoo Pr {(1 + §)SNR op 2 CLKS®
L eSNR™
= 1 P L5, > 5 =
SNR o r{”l =1 +($)02K52} o

which results in

P,= lim Pr

SNR—o0

lim

eSNR™!
SNR—>

< Slidl?
Co K852 — L '

From [27, Theorem 4], we have

eSNR ! [i,5]2
o { CES?T =L

€ v —af —ap
—1-a (W) SNR™ + o(SNR™*), (30)

where 9 2 (K—1)S—L+1and o > 0isaconstant determined
by K, S, and L. Applying (30) to (28) yields

P >Pac > lim .
= TG0 = R e Pe

S—1 P
: m o € ’ —
_ SNlllaIEoc LE:O N |} « (—CQKS2> SNR

(€2))

+o gSNRf'Ol
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For given v and 0 < (3 < ~, let us choose N =
O(SNRUAAUK-DS=L+IY  Then  from (29), it follows
that limgngr oo po = 1. On the other hand, the second term
of (31) tends to zero because N™ increases polynomially with
SNR for given m while

N—m

€ v ,
l1-a|=—=) SNR™¥ SNR™
[ o (C’ZKS2> + o )

decreases exponentially with SNR. Thus, P tends to one, which
means that 'S DoF are achievable.

As assumed earlier, note that our analysis holds for § <
~. However, it is obvious that assuming either the condition
N = O(SNRIHDE-DS=LHDy forany § > yor N =
uJ(SNRU"‘l)S‘L+1 ) leads to the same or higher DoF compared
to the case for 0 < 8 < =, due to the fact that increasing IV
for given ny and SNR values yields a reduced LIF and thus an
increased achievable rate for all the selected users. Since the
maximum achievable DoF are upper-bounded by K .S for given
S, the last argument indicates that K.S DoF are achievable if
ny = Q(Llogy SNR) and N = w(SNRE D5~ L+1) "which
completes the proof. ]

Theorem 1 indicates that 7 should scale with SNR so as to
achieve the target DoF under the same user scaling condition as
the SVD-based OIA case, and that from (22), no more feedfor-
ward bits than (1++)(L—1) log, SNR are indeed required. The
derived n s scaling condition is proportional to L and log, SNR,
which is consistent with the previous results on the number of
feedback bits required to avoid performance loss due to the fi-
nite codebook size in a variety of limited feedback systems [9],
[13], [24].

B. DoF Achievability: Random Codebook

For a random codebook scenario, each element c,, of C¢ (1 €

the L-dimensional sphere. The following second main theorem
shows that the same user scaling condition as the Grassmannian
codebook-based OIA case is obtained even with the random
codebook-based OIA.

Theorem 2: The codebook-based OIA with a random
codebook achieves KS DoF with high probability if
N = w(SNRE D=Ly and np = Q(L log, SNR) bits.

Proof: Since (17)—(21) also hold for the random code-
book approach, we only show that P in (19) tends to
one under two conditions N = w(SNR(K‘l)S‘L+1) and
ny = Q(Llog, SNR). Unlike the Grassmannian codebook,
the residual distance d7 in (9) is now a random variable
and thus is unbounded. Note that the cumulative density func-
tion (CDF) of the squared chordal distance between any two
independent unit random vectors chosen isotropically from
the L-dimensional sphere is given by G(L — 1,1), where
Bz, y) = 1-01 t#71(1 — t)¥~1dt is the beta function [13].
Since dl*7!” for the random codebook is the minimum of N ¥
independent random variables with distribution 3(L — 1,1),

the CDF of dl“1” is given by

Ny

Pr {;1”412 < l=1-(1-21 (32)
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Now, let us again consider the following modification for given
channel instance:

i) ifd1° < SNR™H forallé and j, then the same LIF-
overestimating modification as the Grassmannian code-
book case is used, where the LIF values are replaced with
their upper bounds. Specifically, from Lemma 1, we shall
use the following upper bound on 7!

.. . 12 .12 .. 12
il _{ 03(1[171]20_£z,1} if(T[Ll’J] < (1+5/)(l[17-7}2(;£1"ﬂ

otherwise,

K1 =
RC 40_%]]2
(33)
for any constant ¢’ > 0 independent of SNR, where C'y =
(24+ &) and Cy = (1 4+ 1/(1 4+ ¢)); thus, 1 < Cy < 2,
i) otherwise,i.e., if dlid)? > SNR~ ) for any ¢ or 7, then
we drop the case by assuming 0 DoF for this case.
Let us define the event D as

D= {d[ivﬂz < SNR~ (7,
VieK={l,...,. K}, VjeN={1,...,N}}.

From 7l*7] < ng"é], we have

. .1 eSNR !
P> SNlrle,n—l»ocPr {77[ 9l < g
Vie K, VieS={l,...,5}}
A
> = «
- PRC SN]%%IEQO PI‘{D}
5]  €SNRU ,
-Pr {ﬂgé] < W7 Vi e K, VJ S S|D} .

From (32) and the inequality (1 — z)¥ > 1 — zy for any 0 <
r < 1 < y, we have

N KN
L—1\ "/
Pr{D} = <1 - (1 - (SNR*(“‘/)) ) )

Ny
>1- KN (1 - SNR‘(“”)(L‘I)) TG
Let us choose N such that N scales polynomially with
SNR. If N; scales faster than SNRUFVED then the
second term of (34) vanishes as the SNR increases, because

(1- SNR ~ 1+ ‘1))Af decreases exponentially with SNR
while V increases polynomially with SNR.

Now recall that for the Grassmannian codebook approach,
dl91% is bounded by dli? < v < SNR™UHY) along with
the choice of ny > (1 + v)(L — 1)log, SNR, and that our
achievability proof is based on the upper bound on the LIF
metric in (15). If D holds, then the upper bound in (33) is iden-
tical to (15), and thus it is not difficult to show that if N =
O(SNRUFAUK=DS=L4D for any ) < 4 < ~, then

.1 eSNR!
Pr{n{q,’é]SEKW7 viek, VjES|D}:1, (35)

lim

SNR—oc
as shown in (24)(31). From (34) and (35), choosing the two
conditions n; = log, Ny > (1 + v)(L — 1)log,(SNR), i.e.,
ny = Q(Llog,(SNR)),and N = O(SNRIHH(H-DS-L1)y
for any 0 < 3 < -y, the probability Prc tends to one for in-
creasing SNR. Note that taking the limit of NV polynomially in-
creasing with SNR comes merely from the strict condition of
D. Since increasing /N for given n ¢ lowers the LIF and thereby
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increases the achievable rate for each selected user, P tends to
one for any N = w(SNRUEDS=L+1) "which completes the
proof. [ |

Interestingly, Theorem 2 indicates that the required ny for
the random codebook is the same as that for the Grassmannian
codebook. This is an encouraging result since analytical con-
struction methods of the Grassmannian codebook for large ¢
have been unknown, and even its numerical construction re-
quires excessive computational complexity. We complete the
achievability discussion by providing the following remarks.

Remark I (Random vs. Grassmannian Codebook): In the pre-
vious work on limited feedback systems, the performance anal-
ysis has focused on the average SNR or the average rate loss
[28]. It has been known that the Grassmannian codebook out-
performs the random codebook in the average sense. However,
in our OIA framework, the focus is on the asymptotic perfor-
mance for increasing SNR, and it turns out that the asymptotic
behavior is the same for the two codebook approaches. In fact,
our result is consistent with the previous work on limited feed-
back systems (see [29]), where the performance gap between
two codebooks was shown to be negligible as the number of
feedback bits increases.

Remark 2 (Comparison to the MIMO Broadcasting Channel):
For the MIMO broadcasting channel with limited feedback,
where the transmitter has I, antennas employing the random
codebook, it was shown in [13] that the achievable rate loss for
each user, denoted by AR, coming from the finite size of the
codebook is given by A < log,(1 + SNR.- 27 "+/(2=1) Thus,
to achieve the maximum DoF for each user, or to make the rate
loss negligible as the SNR increases, the term SNR-2~"s/(L—1)
should remain constant for increasing SNR. That is, n¢ should
scale faster than (L — 1) log, SNR. Although the system model
and signaling methodology under consideration are different
from our setting, Theorems 1 and 2 are consistent with this
previous result.

C. Interference Decaying Rate

In this subsection, we examine the interference decaying rate
of the proposed codebook-based OIA and characterize required
conditions on 7 ¢, and compare them with the results on the DoF
achievability discussed in Theorems 1 and 2. In particular, since
a DoF is an asymptotic measure in the high SNR regime, the
aim is to evaluate the proposed scheme with respect to other
parameters such as the number of feedforward bits, n s, or the
number of users per cell, N, for finite SNR. We start with the
following lemma.

Lemma 4: The averaged inverse of the scheduling metric for
each selected user in the SVD-based OIA with full feedforward,
where the weight vector is v[g’J ! and the scheduling metric is

iven by nlidl — gl 1
given by neyy, = o [7], is bounded by

# —FE b >0 (N%) ‘
L] [i.4]%
NsvD oy,

E (36)

where 7 = (K —1)S+ L — 1.

Proof: Consider a worse performance case where N users
are randomly divided into S subgroups with V/.S users each and
where one user with the minimum scheduling metric 'r}[SZ{Z]]D is se-
lected in each subgroup. Compared to the original scheme where

S users are selected from /V users, this modified scheme yields a
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performance lower bound. For this modified scheme, the lemma
can be proven by following the footsteps of the proof of [30,
Theorem 3]. The detailed proof is provided in Appendix B. ®H
The following lemma characterizes the interference decaying
rate of the codebook-based OIA with respect to N.
Lemma 5: The averaged inverse of the scheduling metric for
each selected user in the codebook-based OIA is bounded by

7][‘7J]

for a Grassmannian codebook for 6 > 0, where 7 = (K —1)5—
L + 1 and p is a constant determined by K, S, and L (See (76)
in Appendix A), and by

nrT

>0 (N%) : (1 o1+ 6) ‘2*<LT>)KN . 37)

1 1 N
b [—} >0 (N7) - (1= p(L+6) - D)"Y
7][1-1]

x (1 -(1- D*Ll)w>m (38)

for a random codebook with D* > 0.
Proof: 1) Grassmannian Codebook
From Lemma 2, we have

1 1
0t _UE,J] + Vfagw]

(39)

1
>FE | ———| P (40)
_020_%7.7]

where Cy = 1 4+ 1/(1 4 §) and p,. is defined in (26). Then, p.
is bounded by
2 KN

R . 1 -1 -1
pe= | Pr o < (1+8) "y, (41)
L
> (1 p(1+6)vf) " (42)
ngT KN
=(1-pi+oy 2 @) (43)

where (42) follows from Lemma 7 in Appendix A, and (43)
follows from (13). In addition, p is a constant determined by
K, S, and L (See Lemma 7).

Now, from Lemma 4, we have E [ﬁ] > 0 (N%).

Inserting this result and (43) into (40) gi;/eg us (37).
ii) Random Codebook
For D* > 0, define the event F such that

F = {d[z‘,,j]2 <D* VieK,Vje N}_ s
From Lemma 1, we have
: 1

E {W] > FE (72 — )

' Lo+ dlid oy

1
>F ) — | -Pr{F} 06
JE_:’J} n D*o‘{l’f]]
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From (32), Pr{F} is given by

In addition, following the same derivations from (39)to (43)
with the replacement ; — D*, we can readily show that

gl 1]

[Jgﬁ N D*agi’j]QJ

47

>0 (N%) (1—p(1+6)"- DYV

(48)

Inserting (47) and (48) into (46) yields (38). ]

From Lemmas 4 and 5, the following theorem establishes the

achievability of the interference decaying rate of the SVD-based
OIA.

Theorem 3: The codebook-based OIA achieves the interfer-

ence decaying rate of the SVD-based OIA with full feedforward,

ie.,
E[ﬁ} > @(N%)., (49)

ny = w(Llog, N). (50)

Proof: 1) Grassmannian Codebook

T £ T Kj\,‘
In (37), the term (1 —p(1+6)"-2 <’~1>) converges to
1 with respect to NV if and only if

KN 51)

and vanishes to O otherwise. Therefore, choosing ny =
w(Llogy N), we have £ [n[l—ﬂ} >0 (N%).

ii) Random Codebook

In (38), the term (1 — p(1 +8)7 - D*7)
with respect to N if and only if

KN
converges to 1

lim
N—oco D¥ 7

=0, (52)

which yields the condition D* ™' = w(N'/7). In addition, the
N, KN
term (1 — (1 — D*L‘I)A\f) in (38) can be bounded by

N\ KN N
(1 _ (1 _ D*Lfl) f) >1-KN (1 _ D*Lfl) !

i (53)
for 0 < (1-D*HY < 1 < KN and
KN - D** Y < 1 The right-hand side of (53)
converges to 1 with respect to Ny only with the choice

Ny =w (D). (54)

Now, inserting D* ™' = W(NY7) into (54) yields
Ny = w(NE=D/7) and thus if ny = w(Llog, N), then
Bl z0(N). n
Theorem 3 shows that n; should increase with respect to
log, N for given L to attain the SVD-based OIA in terms of
the interference decaying rate with respect to /N. On the other
hand, from Theorems 1 and 2, n ; needs to increase with respect
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to log, SNR for given L to achieve the achievable rate perfor-
mance of the SVD-based OIA with respect to SNR; thus, these
two observations are consistent with each other. Furthermore,
the exponent 7 of SNR in the user scaling condition given by
N = w(SNRT) is related to the exponent 7 of N in the interfer-
ence decaying rate given by ©(N/7). That is, the larger 7, the
lower user scaling condition to achieve XS DoF and the faster
interference decaying rate.

The following remarks provide further intuition of the results
in Theorem 3.

Remark 3: As N increases, the CDF of 5[*9] converges to
a unit step function, i.e., a degenerate distribution having the
value around zero. For a degenerate distribution, E[nl*/]] =
1/E ﬁ] by Jensen’s inequality. In the large N regime, with
the choice of (50), we have

E [n“"”] ~1/E [n[iﬂ} <0 (N-%) :

which follows from Theorem 3.

Remark 4: From the proofs of Lemma 4 and Theorems 1
and 2, both the user scaling condition to achieve X .S DoF and
interference decaying rate are determined by the tail distribution
of the CDF of a scheduling metric. Specifically, it is not difficult
to show that if the scheduling metric of any OIA scheme (or its
upper bound) has a tail CDF given by ©(x7) for 7 > 0, then the
user scaling condition and interference decaying rate are given
by N = w(SNR") and E[1/5*1]] = ©(N/7), respectively;
that is, there exists the one-to-one mapping relationship between
a user scaling condition and interference decaying rate.

Now the following theorem discusses the convergence of the
codebook-based OIA to the SVD-based OIA in terms of the
interference decaying rate for increasing ny for fixed N.

Theorem 4: Forfixed N and SNR, the distortion in the sched-
uling metric of each selected user in the codebook-based OIA,
compared to the SVD-based OIA, is bounded by

(55)

n

E [ - aidh] < e (277), (56)

L o2
where ng{f]]j = (f%’] | denotes the scheduling metric of the

SVD-based OIA scheme [7] (see also Lemma 4). N

I;roof: The schZeduling metric is bounded by nl*i!l <
rf%’ﬂ + d[""ﬂzo*[f’]] from Lemma 1. For a Grassmannian
codebook, the proofis immediate from Lemma 2. For a random
codebook, the scheduling metric is bounded by

E [n[i,j}] - [U[Lf.,ﬂz] s [d[i,jf} E [ng‘,ﬂz] (57)
Elof ] +e (2 7).

Wherg (57) follows from the fact that i1 s independent of
o191” and (58) follows from E[dl/71°] < 27727 [13, Lemma
1].
plidl _ il o (o
Therefore, E[n Ngvh] 1s bounded by © (2 for
both the codebooks.

We conclude the discussion on the interference decaying rate
with respect to n s by providing the following remark.

IA

(58)
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Remark 5: Recall that the sum of LIF scheduling metrics
is the same as the sum of received interference (see (20)).
Hence, £ [17‘[%}3 — %] measures the additional interference
level caused by the codebook-based OIA, compared with
the SVD-based OIA, due to limited feedforward. Theorem 4
shows that this additional interference vanishes as n s increases

at the rate of 2‘L_fl for both the codebooks. Therefore, the
decaying rate of this additional interference with respect to 7y
is dependent only on the dimension of the codebook, L.

V. ASYMPTOTICALLY OPTIMAL RECEIVER DESIGN AT THE BSS

While using the ZF receiver is sufficient to achieve the max-
imum DoF, we study the design of an enhanced receiver at the
BSs in pursuit of improving the achievable rate. Recall that each
BS is not assumed to have CSI of the cross-links from the users
in the other cells, because no coordination between BSs is as-
sumed. In this section, the main challenge is thus to decode the
desired symbols with no CSI of the cross-links at the receivers.
For convenience, let us rewrite the received signal at BS 7 in (1)
as

K S
yi = I:II((,)XL + Z z Hq[:k,m]W[kﬁ,m]m[lﬁ:,m] +z;, (59)
k=1,k#im=1

where H\¥ 2 [EHIwill | HISIWIS) ¢ ¢M*S and
x; 2 [plil, . 2liST € €5%1. The channel capacity Ic is

given by [31]

. ~ o\ H .
Ic = log, det (R;1/2H§c> <Hg")) R;1/2+IM), (60)

where
K S o
R, = Z Z HEk,m]W[k-’m] (Hgk,m]w[k,m]) + NI,
k=1 ki m—1
(61)

which is not available at BS ¢ due to the assumption of unknown
inter-cell interfering links. The channel capacity I¢ is achiev-
able with the optimal ML decoder

s H -
%M = arg min (yi - H§°)x) R_! (yi - Hff)x) . (62)

which is infeasible to implement due to unknown R.. After
nulling interference by multiplying U, the received signal is
given by

yi =Uly;
K s
—Hx; + Z Z U%{Hgk,m]w[k,'m}m[k‘,m] + U?Zi,
k=1,k#i m=1

o~

Ny

(63)

[U?H[i’l]w[ifl]., o U?Hgi’s}w[i’s]] e C5xS

i

€ C%*! represents the effective noise. Let us denote

- A
where H;, =
and z;
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the covariance matrix of the effective noise after interference
nulling by

R 2E {77;"}
K S -
_ Z Z U?H[ky'rrb]w[k,m] <U?H[-k7m]w[k’m]>
k=1 ksim=1
+ NpIs. (64)
Then, the ML decoder for the modified channel (63) becomes
arg miny (y; — H;x)"R~!(¥; — H;x), which is also infeasible
to implement since the term UHH" ™ wlkml (ke {1,.. . i—

1,i+1,....,K},me{l,...,5}) is not available at BS .
As an alternative approach, we now introduce the following
minimum Euclidean distance receiver after interference nulling
at BS i:
x; = arg, min ||y; — H;x||. (65)
It is worth noting that the receiver in (65) is not universally op-
timal since R is not an identity matrix for given channel in-
stance. Now, we show the achievable rate based on the use of
the receiver in (65). The maximum achievable rate of any sub-
optimal receiver, referred to as mismatch capacity [32], [33], is
lower-bounded by the generalized mutual information, defined
as [32], [33]

Ioyn = sup 1(6), (66)
08>0
where
10)=F [1°g2 Qix)" H-I (67)
" e fasorsea]| ]

and Q(¥;|x;) is the decoding metric expressed in probability.
The following lemma characterizes the GMI of the decoder with
mismatched noise covariance matrix.

Lemma 6: Consider the modified channel (63) and the
decoding metric with mismatched noise covariance matrix R,
given by

Q(Fixi) = cxp (—(yi CHx)TR LU, - I:I.,;xi)> . (68)

Then, the GMI I based on the metric (68) is given by (66),
where /(f) for given R is expressed as

1(8) = — tr(R™/?RR /2
(6) Tog? ( )
'9 . —15 -1 ‘T TTH .
+iog3 [t (@' R (HLHF + R)) | +log, det(9),  (69)
R is given by (64), and @ 2 4R TH,H + 1. n
Proof: See Appendix C. ]

We remark that if R = R, then it is obvious to show Ignr =
I(6 = 1). In this case, using (69), I(6 = 1) can be simplified
to I(§ = 1) = log, det(R™TH,;H + Ig), which is equal to
the channel capacity. The following theorem characterizes the
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achievable rate of the proposed minimum Euclidean distance
decoder.

Theorem 5 (Asymptotic Capacity): The GMI Iy of the
codebook-based OIA using the minimum Euclidean distance re-
ceiver in (65) is given by

Ican = sup —
>0

v a1
lOthl (NO R)

+ [tr(zv(;ln’_l (HHH + R))} +log, det(Q),  (70)

log 2

which asymptotically achieves the channel capacity I if N =
w(SNRECDS L1y and = (L log,(SNR)), where @ =
ON, THHE + 1.

Proof: The decoder in (65) is equivalent to the one that
utilizes the decoding metric Q(¥;|x;) in (68) with R = NyIs.
From Lemma 6, the GMI based the minimum Euclidean dis-
tance decoder is thus given by (70).

Now, we show that as N increases, Iz approaches I with
increasing SNR. Recall that the user selection and weight vector
design are performed such that interference is aligned to the ref-
erence basis matrix Q; € CM*(M—5) a5 much as possible.
From Theorem 1 and 2, if N = w(SNRE-DS=L+1y apnqd
ny = (Llog,(SNR)), then the sum of received interference
aligned to U; can be made arbitrarily small with high proba-
bility, thereby resulting in

HEk’m}W["”m] € span{Q;) (71)
from the fact that the interference term of (59) is
given by S35 HIF " wlkmlglkm]  Gince
UHH " wlkm] = 0 the interference term of (63) is canceled
out, and thus it follows that R — R = Nylg. In this case, we
have

Tontt — Ting = logy det (N(jlf{,»fl? + Is> NG

Now we prove that I,y in (72) asymptotically achieves I¢:.
Since [U;, Q;] € CM*M s an orthogonal matrix, /i, can be
rewritten as

( 0 0
H
r—1ytHYT@ (1)
=log, det | [U,;, Q] Ny "UH (Ht> U, 0
0 0
UL Qi)Y + 1)
N N H
— log, det (DH@ (HE‘)) D+IM), (73)
where
~1/2
D = [U;,Q] No~"Is g [U;. Q" = N, YU, UF.
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’[k,m,}

From the fact that from (71), H wl*] can be represented

as a linear combination of q;1,...,q; m—s, Re in (61) is
written as
K S M-SM-S
kom
Ro= 3 >0 > > &y asal + Noly
k=1,k#£im=1 =1 t=1
M-SM-S
= Z Z &,+i 14y + Vol
=1 t=1
M-SM-S
= Y D Gaaual; + MNo[Qi, Uil - [Q;, UM
=1 t=1
—1Q.ul- |2 0 Q.U
v 0 IV(]IS v
where €™ denotes the component coefficient of
k,m ’ km
HE M]W[kym] ani‘rlq"l-/{vt’glvf Zk 1,k#i Zm—l l[tm]’and
1+ Ny &2 &1, M-5
_ Ea1 0+ Ny Eo.M-5
Enm—s1 Eri—s2 Ev-sm—s+ No

Since each coefficient & ; is chosen from a continuous distribu-
tion, 2 has full rank almost surely, and thus is invertible. There-
fore, we get

=—1/2 0

1/2
0 N, Y’1g

=[Qi U] |7 [Q,, U."

. . —1/2
For given channel instance, as /Ny decreases, R.. / becomes

R, 2 — Ny PU Ul (74)
Applying the asymptotic R 12 of (74) to (60) finally yields Ic,
which is equal to I¢,y;; of (73). This completes the proof.  ®

As shown in Theorem 5, the minimum Euclidean distance
receiver asymptotically achieves the channel capacity even
without any coordination between the BSs or users. However,
it is worth noting that if the interference alignment level is too
low due to small NV or ny to satisfy the conditions in Theorems
1 and 2, then the achievable rate in (70) may be lower than that
based on the ZF receiver. Thus, in small V and ny regimes,
there may exist crossovers, where the achievable rate of the
two schemes is switched, which will be shown in Section VI
via numerical evaluation. We conclude our discussion on the
receiver design with the following remark.

Remark 6 (DoF Achievability of the Optimal Receiver): Even
with the use of the ML receiver in (62) based on full knowledge
of R, the user and n scaling conditions to achieve K.S DoF
are the same as those based of the ZF receiver case, which make
the amount of interference bounded even for increasing SNR.

VL

In this section, we run computer simulations to verify the
performance of the proposed two types of codebook-based OIA
schemes, i.e., the Grassmannian and random codebook-based
OlAs, for finite system parameters SNR, N, and ns. For
comparison, the max-SNR scheme was used, in which each
user employs eigen-beamforming in terms of maximizing its

NUMERICAL RESULTS
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Fig. 3. The sum-LIF versus N when X' =2, M =3,andL = 2.(a) S = 2
(b) S = 3.

received SNR and the belonging BS selects the S users who
have the SNR values up to the Sth largest one. The SVD-based
OIA scheme in [7] is also compared as a baseline method.
Throughout the simulations, each channel coefficient was
chosen independently from a complex Gaussian distribution
with zero mean and variance 1/L. In addition, simulation
results were averaged over sufficient channel realizations.
Figs. 3 show a log-log plot of the sum-LIF (or equivalently,
the sum of generating interference) versus N for the MIMO
IMAC with K = 2, M = 3,L = 2,and (a) S = 2 or (b)
S = 3. From Theorems 1 and 2, the system parameter .S gov-
erns the trade-off between the achievable DoF and the number
of users required to guarantee such DoF [4], [7].2 It is seen that
the sum-LIF increases as & grows for any given scheme. How-
ever, as addressed in [4], [7], note that a smaller LIF does not
necessarily leads to a higher achievable rate, especially in the

2While the sum-LIF with § = 1 is lowest compared to the cases with § = 2
and S = 3, the case with S = 1 provides the smallest achievable DoF. For
more discussions about optimizing S, we refer to [7].
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= = =Random Codebook
. x Grassmannlan Codebook

LIF/User-Difference from the SVD-based OIA

5
n; (bits)

Fig. 4. (LIF/user of the codebook-based OIA—LIF/user of the SVD-based
OIA) versus ng, when K = 2,AM{ =3, L =2,5 =2,and N = 100.

high SNR regime. In addition, the trade-off between n y and the
sum-LIF is clearly seen from Fig. 3. In addition, the figures show
that the interference decaying rate (i.e., the slope of the sum-LIF
curve) of the SVD-based OIA with full feedforward, E[n5lL],

approaches to @(N ~1/7) (solid lines), thus yielding the bound
in Lemma 4 is tight. Although the sum-LIF level of the code-
book-based OIA scheme decreases as ny increases, it is seen
that its decaying rate of the sum-LIF with respect to N cannot
attain that of the SVD-based OIA unless n ; increases according

to increasing N as shown in Theorem 3.

[.4]

Fig. 4 shows E [775\ s - n[i*ﬂ} versus 7 for the two code-

books with the same configuration, where n[gl\]]]D is the sched-

uling metric of the SVD-based OIA. Recall that £ [ng\% -
nl7]] measures the additional interference of the codebook-
based OIA due to limited feedforward, compared with the SVD-
based OIA (see Remark 5). It is seen that the 1nterference de-

caying rates for both the codebooks are the same as 2~ T-7 = for
fixed SNR and N, which is consistent with the result in The-
orem 4.

From the observations in Figs. 3 and 4 and Remark 4, we
can conjecture that sufficient user scaling conditions found in
Section IV also yield necessary conditions for given achievable
schemes.

Figs. 5 depicts the achievable rate versus SNR when K = 2,
M=3,L=2,5=2,and(a) N =20 or(b) N = 100. We
consider the following four receiver structures for the proposed
codebook-based OIA:

* Scheme 1: ZF receiver with the Grassmannian codebook

(dashed line)
* Scheme 2: ZF receiver with the random codebook (x)
* Scheme 3: minimum Euclidean distance receiver with the
Grassmannian codebook (solid line)
* Scheme 4: minimum Euclidean distance receiver with the
random codebook (o)
A relationship between the sum-rate for given N and the
number of feedforward bits, n¢, is observed. It is first seen that
as ny = 8, the proposed codebook-based OIA schemes closely
obtain the achievable rate of the SVD-based OIA. It is also
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Fig. 5. The achievable rate versus SNR when A" = 2, A/ = 3, L = 2, and
S =2. (N =20.(b) N = 100.

seen that the gain coming from the Grassmannian codebook
over the random codebook is marginal. From Theorem 5, we
remark that the achievable rate based on the minimum Eu-
clidean distance receiver asym totlcally achieves the channel
capacity if interference H [em] gy liesm] perfectly aligned to
Q; at BS i; that is, the covariance matrix of interference in

(64), Y1 h s St UFH " wlhm] (U?HEk’MW[k’m])H
becomes negligible compared to NoIs due to the fact that in-
terference is sufficiently aligned for large N. In addition, it
is observed that in the low to mid SNR regimes, using the
minimum Euclidean distance receiver leads to a higher sum
rate than the ZF receiver case even for practical N. However,
as the SNR increases beyond a certain point, i.e., in the high
SNR regime, the covariance matrix of interference becomes
dominant, thus yielding a performance degradation of the
minimum Euclidean distance receiver. On the other hand,
since the ZF receiver has no such limitation, its achievable rate
increases with SNR. In consequence, for given N, there exist
crossovers, where the achievable rate of the two schemes is
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Fig. 6. The achievable rate versus N when K = 2, M =3, L =2,5 = 2,
SNR = 20 dB, and n; = 6. The random codebook is used.

switched. It is furthermore seen that when N increases, these
crossovers appear at higher SNRs, because our system is less
affected by the covariance matrix of interference owing to a
better interference alignment.

Fig. 6 shows a log-linear plot of the achievable rate versus
Nwhen K =2, M =3,L =2,5 = 2,SNR = 20dB,
and ny = 6 when the random codebook is used. As shown in
Theorem 35, it is seen that the GMI of the codebook-based OIA
using the minimum Euclidean distance receiver asymptotically
achieves the channel capacity as /V increases. On the other hand,
the achievable rate of the codebook-based OIA using the ZF re-
ceiver exhibits a constant gap even in large /V regime, compared
to that of the minimum Euclidean distance receiver. This ob-
servation is consistent with previous results on the single-user
MIMO channel, showing that there exists a constant SNR gap
between the channel capacity and the achievable rate based on
the ZF receiver in the high SNR regime.

VII. CONCLUSION

For the MIMO IMAC, we have proposed two different types
of codebook-based OIA methods and analyzed the codebook
size required to achieve the same user scaling condition and
DoF as the SVD-based OIA case. We have shown that the re-
quired codebook size scaling is the same for both of the random
and Grassmannian codebooks. In addition, we have shown that
the simple minimum Euclidean distance receiver operating even
with no CSI of inter-cell interfering links achieves the channel
capacity as /V increases. Numerical examples have shown that
it suffices for finite n; to almost obtain the achievable rate of
the SVD-based OIA, e.g., the case where ny = 8 and L = 2,
and that the minimum Euclidean distance receiver enhances the
achievable rate based on the ZF receiver especially in the low
to mid SNR regimes.

To consider an OIA framework for the MIMO interference
broadcast channel (IBC), a careful precoding matrix and re-
ceiver design are required. In fact, a few studies have shown that
the user scaling condition to achieve K S DoF is SNR*M~L for
the K-cell MIMO IBC with full feedforward [30], [34]-[36],

IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 62, NO. 11, JUNE 1, 2014

which is higher than SNRUDSLHL for the IMAC case. In
[37], we shall show that the user scaling condition can indeed
be lowered for the MIMO IBC to SNRE ~DS =L+ ity ng =
w(Llog, SNR), thus proving the uplink-downlink duality.

APPENDIX A
PROOF OF (29)
By using vy < SNR™(*7) in (23), p,. defined in (26) can be
lower-bounded by

P> Pr {aﬁ_fhﬂz > (1 +8)ol T SNR-H) i e K, j € N}

o KN
olidl .
=|Pr{ ——= < (148) 'SNR'"? ;
oLl
L

where (75) comes from the fact that G+7] is independent for
different ¢ or j, and thus their smgular values are independent

for different users. Note that 1 -1 is the condition number of

ﬂ[l 714

(75)

~

GEIT G At this point, we introduce the following lemma
on the CDF of the condition number

Lemma 7: The CDF of o denoted by F.(z), is lower-

IENIEE
bounded by mr
Fo(z) > 1 — pg (K-DSTEAD), (76)
where p is a constant determined by K, S, and L.
Proof: Since each channel coefficient is assumed

to be chosen from a continuous distribution, G[+il has
full rank almost surely [38]. Moreover, assuming that
(K — 1)S > L, GIWI"GEJl is the full-rank central
Wishart matrix, i, Gi4" GBI ~ CWL((K — 1)S,1}).
Using the high-tail distribution of the complementary

CDF in [39, Theorem 4], the CDF is bounded [l()!y )(/76),
(-pttmbz

where p = (Zle k). Here, k; = (CESEEEy]
oo \((K—1)S—L+1)

and p; = f02 A 911,k -1)s(A1)dA1, where

A 2 agl’ﬂ and gr_1,(xk-1)s(-) denotes the distribu-

tion of the largest eigenvalue of a reduced Wishart matrix

G ~CWp_1((K —1)5,I5_1). Thus, p is determined only by

K,S,and L. [ ]
Now, from Lemma 7, (75) is further bounded by

P> (1 - [)(1+(5)(K71)S+L71SNR‘*(1+“/)((K71)57L+1)) KN

zl—pKN(l‘i‘ 6)(1&’—1)5-{-1:—1SNR—(l-‘,—ﬁ/)((R’—I)S—L-{—l)7
(77)

where (77) follows from (1—z)¥ > 1—xzy forany0 < z < 1 <
y. Therefore, if N scales slower than SNR(I 7 (K —1)S=L+1)
for given v, i.e., N = O(SNR(lJrﬁ)((Kfl)S*LH)) where § <
v, then limgNRr 00 po — 1 for any given &, which proves the
argument (29).
APPENDIX B
PROOF OF LEMMA 4

Let us define  such that
(78)

[‘i,j]‘ 1 _S 1 _S
P < =—<=Pr{—2>0=—.
r{”L —/3} N r{(,-'-— } N
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L a2
From [7, Lemma 1], Pr{ Li.7] %} = a7 +o(f77),
where ag is a nonzero coeﬂic1ent and hence § = O(N 1 ™). In

addition, since 1 / o’ of the selected user in each group is the
maximum value out of N/S independent random variables, we

have
1 S\ T
Pr{ —— < =({1- — .
R NTE <0 ( N) (79)
selected
Then, the Markov inequality yields
>p-Pr > 3¢ (80)
U[M]Z U[w}‘)
L
sclected sclected
=4-[1-1-— 81
8 ( ( N) ) 81)
e (N%) . (82)

where (81) follows from (79), and (82) follows from the fact that
4 = O(NY7) and that (1 — £)"/*
1/e for increasing N.

converges to a constant

APPENDIX C
PROOF OF LEMMA 6

Let us first consider the numerator of the logarithmic term in
(67) as follows.

B |log, Q(y:lx.)” HL]

I U
- _10g2E [(YL - Hzxz) R (YZ - Hle)|HLi|
= 7LE [i?ﬁiliﬂﬁi}
log 2
g . N
= ———tr(R"V*RR"1/?),
o 217 ) (83)

where (83) follows from E[z¥ Az] = tr(A'/?RAY?) for any
random vector z with £{zz"} = R and E{z} = 0 and for any
conjugate symmetric matrix A.

Let us turn to the denominator of the logarithmic term in
(67). Here, given that H; and y; are deterministic, the expec-
tation is taken over x;. Since x; is an S-dimensional complex
Gaussian random vector, i.e., the probability density function of
x; is given by 1/7% exp(—||x;||?), we have

B [Q(5:1x.)" 3. Hi]
e -a.-

1
|5 Oxp (—||xi||2) dx;

1 N . N ~
:W—S/CXP(—H(yj—HiXi)HR l(y.,;—Hq;xq;)—||x7¢||2)dx7¢

I:IiXi)Hﬁil(S’.i — I:Iix,-))

7
- / exp(—A)dxi. (84)
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Here, A can be further expressed as
AéWm—ﬂmWR*«—ﬂxo+ww
(GHHR H, +IS) x; — 0" R 'Hix;
—ox'HI'R 'y, + 05'R 'y, (85)
Letting @ = §HYR 'H; + I, it follows that
2
~ L
HQ Cyi|| +0y'R 'y, - y'C"Cyi.  (86)

where C is given by C = Hﬁil/zﬂff{’l , which comes from
the equivalence of (85) and (86). Now let us further simplify the
last two terms of (86) as

0y R 'y, — yi'cley;

L (R*l - eﬁflﬂiﬁ‘lﬂ}{ﬁfl) 5

=pyHR 1/2 (IS - Hﬁ’l/zﬂiﬁ—lfl?ﬁ’lﬁ) R %y,
Without loss of generality, it follows that R ~1/2H,; = ®ATH,

where & € C5*° and T € C%*° are orthogonal matrices and
A isan (S x §)-dimensional diagonal matrix. Then, we get

Q=0HR 'H, + Is = TOA® +I)TY.  (87)

R
Inserting (87) to R~/?H,Q HIR /2 gives us

e,

RV2H,0HER Y2 = ®A2(AA? + Ig)
which yields
oy Ry, — yicHCy,
— oyIR /20 (15_9A2(9A2+15) )@HR*/?yi
— 0yHR V28(9A% + 1) @R 1y, (88)
A o [N -1,
= 6yPR V2 (R PHEMR 12 415) ROV,
- . AN —1
— gyt (aH-HH + R) ¥
= yIQ 'Ry, (89)

where (88) follows immediately from evaluating the diagonal
terms, and (89) follows from §2 2 Hf{‘lﬁil:l? + Is. Inserting
(89) and (86) to (84) gives us

E [ (yi|xi)9\9i~ﬂi]

( 1
2 ~
:_/w o' - o

= Zsoxp (oM R 1Y)

. 2
./exp< Hff - Cy; )(lxi

—()y O 1R1y.i>dxi

1 CHam 1A 1 s -1
= g oxXp (—By,l;{ﬂ 'R ly.,;) 7% det (Q ) (90)
= cxp (—Hy, O 'R y12 det(©71), (C2))
E Xplore. Restrictions apply.
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where (90) follows from the fact that for x,m € C5*! and
conjugate symmetric A, B € C5*%,

/ exp (—(Ax —m)"B '(Ax — m)) dx
_ /exp (—(x A 'm)"AEB A(x - A’lm)) dx
— 75 det (A*B(AH)’I) :

and (91) follows from det () = det(£2). Inserting (83) and (91)
to (67) gives us

I(6) = — H—1/2pH —1/2
(0) = — gzt TR /RRT)
- E[log2 (eXP (—9}7?97113{‘15@) (:16‘5(971)) |I:IL]
_ 0 (R-1/2pp-1/2
 log 2tI(R RR )
~Ho—-1Hp -1 |17, .
+ 1032E |:yz Q R yLlHL:| + logz (1€‘t(9)
From

E [y?ﬂflﬁfliﬂﬂi}
=F [(XFI:I}{ + zF) Q—lfifl(I:I.,;x,; + z.,;)}
—tr (Q*lfrlﬁiﬁ?) +tr (Q*R*IR) ,

we finally have

I(e) — IOZ 2tr(Rfl/2RR71/2)

[tr(nflﬂflﬂiﬂf‘) +tr(Q’1R’1R)}+1og2 det(£),

+10g2

which completes the proof of the lemma.
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